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SUMMARY

The Brayton Cycle Solar Collector Design Study has developed:
parametric analysis of 20- and 30-foot one-piece electroformed mirrors,
conceptual designs and manufacturing methods for these concentrators,
predicted concentrator performance, analysis of structural integrity,
and experimental studies of master fabrication techniques and reflec-
tance samples subjected to simulated micrometeorite damage.

Based on this collector design study a one-piece toroidally
supported electroformed nickel collector shell is proposed as the
recommended Brayton cycle collector design. A 30-foot diameter,

55 degree rim angle collector of this design would consist of a
0.0107-inch electroformed nickel shell; a chemically deposited, pro-
tected silver reflective coating; and a torus of titanium or nickel,
0.030 inch thick. This structure would weigh a maximum of 614 pounds
or a specific weight of 0.87 pound per foot2 of projected collector
area. The efficiency of this collector would be about 80.5 percent

for a 0.267 degree misorientation, a radial surface error of 6 minutes
standard deviation, 6 percent total obscuration, and 91 percent average
surface reflectivity.

Experimental studies have demonstrated that either blade grinding
or plastic overlay master fabrication techniques are amenable to the
fabrication of high accuracy, highly specular collector masters.

Reflectance samples have been made, tested, and supplied to
NASA-lLewis. These.were exposed to simulated micrometeorite fluxes

and were returned to EQOS for retesting to determine reflectance loss.



1, INTRODUCTION

The availability of reliable, long-life, economical space power
systems in the multikilowatt range will be essential for meeting the
national space exploration goals during the next few years. The
manned space stations now being planned are examples of applications
for such power systems. At the present time, only solar energy and
nuclear energy appear to be capable of supplying sizeable quantities
of electrical energy necessary for long-term space missions. For
output power levels up to approximately 40 kilowatts, solar energy
power systems will probably be lighter, safer, less expensive, and
available sooner than nuclear energy systems. Specifically, the
solar Brayton cycle system now appears to offer the best promise of
any multikilowatt system of being developed to a reliable operational
status at an early date.

The feasibility of a practical solar Brayton cycle space elec-
tric power system is dependent on the fabrication of a suitable solar
concentrator and other components. The highest accuracy, lightweight
concentrator mirrors developed to date have been fabricated by one-
piece electroforming construction methods. The Saturn-4B and S-2
stages permit maximum mirror diameters of 20 and 30 feet, respectively.
Since one-piece electroformed mirrors of this size have not been fabri-
cated previously, specific design and manufacturing problems required
further study to demonstrate feasibility of a Brayton cycle solar
collector mirror.

The objectives of this Brayton Cycle Solar Collector Design
Study Program were to:

1. Conduct parametric analysis of specified variables that
influence the performance and efficiency of 20- to 30-foot

one-piece, fixed solar collectors.




2. Establish a concentrator design using electroformed nickel
construction.

3. Predict concentrator performance under both ground test
conditions and orbital use up to 10,000 hours duration.

4. Perform experimental studies on master fabrication tech-
niques, including the construction of two electroformed
mirrors, and take reflectance measurements on typical
coating samples both before and after simulated micro-
meteorite damage.

The Brayton Cycle Solar Collector Design Study is summarized in
Section 2 and discussed in detail in Sections 3 through 11.

The emphasis in this program has been to demonstrate feasibility.
In certain cases where more than one feasible approach has been found,
a premature selection from the available alternatives has been avoided,
pending more detailed technical and economic considerations.

The design study indicates that a 30-foot diameter single-piece

electroformed nickel toroidally rim supported collector is a feasible

concept with a potential of high performance and reliability.



2. PROGRAM COMPENDIUM

The proposed Brayton Cycle Power System offers the advantages of
an efficient, reliable solar power system, available on a relatively
short time schedule. 1In evaluating either the Brayton cycle system or
the Brayton cycle solar collector designs the following criteria,

used either singularly or in various combinations are most important.

1. Performance
2. Reliability
3. Weight

4, Volume

5. Cost

The collector design proposed by Electro-Optical Systems maximizes
power output, has good ground test, launch, and orbit capability; satis-
fies the system packaging volume requirements, and is made by a high
accuracy manufacturing process highly amenable to low-cost production
techniques. Weight is.comparable to that obtained‘by other known

methods.

2.1 Collector Design

The basic Brayton cycle collector design is shown in Fig. 2-1,
stowed in the launch position. The proposed collector is a single
shell paraboloid, toroidally supported at the rim, with a 55-degree
rim angle for the 30~-foot diameter size and either a 38-degree or 55-
degree rim angle for the 20-foot diameter collector. The nickel shell
and nickel or titanium torus thicknesses are 0.0107 and 0.030 inch,
respectively. Collector launch support will be by either eight mount-
ing points or a continuous ring attached to the radiator. During orbit
the collector will be attached to the cavity absorber by a tripod or

quadrapod.
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The structure will be made either of all nickel or nickel
and titanium. The nickel collector shell and the shell torus joint
will be electroformed. The nickel torus will be electroformed whereas

the titanium torus, proposed as an alternate design would be fabricated.

A collector-absorber efficiency of 80 percent can be expected
for the following conditions:#*
Maximum surface error - 6 minutes standard deviation
Misorientation - 0.276 degrees
Obscuration 6 percent
Reflectance 91 percent
Cavity absorber - blackbody at 2110°R operating temperature
Cavity aperture - 8 inches diameter
The weight of the proposed collector will be approximately
510 pounds (or 0.7 lbs per ft2) for the nickel-titanium collector and
614 pounds (or 0.87 lbs per ft2) for an all nickel collector.

The EQS collector design advantages include:

1. High power output and collector-absorber efficiency

2. High accuracy, specular surface

3. High reflectance, low cost, reflective coating

4, Low stressed, uniform, highly efficient paraboloidal shell

5. Single structural joint

6. All-metal construction

7. No closed gas pockets

8. High reliability capability - earth, launch and orbit

9. High manufacturing process uniformity, reproducibility and
control

10. Potential low production costs

*These neglect efficiency losses due to thermal distortion



2.2 Manufacturing, Testing, Handling, and Transportation

The fabrication of the large Brayton cycle collectors will
be similar to the processes developed at EOS for smaller mirrors. The
mirror will be made of electroformed nickel., It will be replicated from

an accurate, polished, convex parabolic master.

2,2,1 Master Design and Fabrication

Because of the large size and deep curvature of the
paraboloidal master, conventional glass grinding and polishing tech-
niques are not suitable. Several other techniques have been

evaluated.

2.2.1.1 Template Machining

In this process, the master consists of a
fabricated metal substructure coated with a polishable material such
as epoxy or polyester plastic. The surface shape of the master is
generated by a machine tool which is supported above the master and
guided over its surface by a rigid overarm. The path of the machine
tool is guided from the center to the rim of the master by an accurate
template mounted on the overarm. The overarm rotates about the optical
axis as the machine tool traverses the surface. (Alternately, the
overarm is fixed and the master rotates about the optical axis.)

This process has been developed at EOS for

making masters for segmented solar collectors.

2.2.1.2 Blade Grinding

The blade grinding process is a method of
generating a paraboloid of revolution automatically. This is made
possible by a basic geometric property of the paraboloid of revolution
and does not require any accurate preshaped guide templates (see
Subsection 4.1.2). Structurally, a blade ground master would be
identical to one made by the template machining process. However, the

surface would be generated by a blade which would be moved back




and forth over the rotating master surface by a mechanism which main-
tains the blade at all times parallel to the mirror optical axis.
This process was successfully demonstrated on 2-foot diameter masters

for this program as a method of producing accurate parabolic surfaces.

2.2.1.3 Plastic Overlay Process

This process provides a method of obtaining
an accurate polished master without the necessity of polishing the
final paraboloidal surface. First, a master substructure is prepared
in the same way as for the previous two processes, Next, a thin
layer of plastic is cast between two glass sheets, Prior to final
cure, the plastic layer is removed from the glass and is draped over
the master surface, being brought into conformity by mechanical
stretching. The plastic is then permanently bonded to the master
surface and allowed to complete curing.

This process has also been demonstrated on
this program as a method for producing accurate, specular paraboloidal

surfaces,

2.2.1.4 Spin Casting

This process utilizes another natural
phenomenon to generate a paraboloidal surface automatically. If a
container of liquid, such as an epoxy resin, is rotated about a vertical
axis and allowed to solidify while rotating,a permanent paraboloidal

surface will be formed.

2.2.1.5 Comparison of Master Fabrication Techniques

The first three techniques allow direct
fabrication of the convex master. The final process, spin casting,
requires that a concave surface be made first. This is then replicated
to form the convex master. This extra step increases the process cost
and decreases accuracy, making the spin casting process less desirable

that the other three techniques. It has been shown at EOS that the



template machining, blade grinding, and plastic overlay processes are
all suitable for forming large, accurate, highly polished masters.
A choice between these techniques will be made on the basis of more

detailed economic considerations.

2.2.2 Mirror Fabrication

2.2.2.1 Torus Fabrication

The first manufacturing step is the fabrica-
tion of the torus. This will either be made of nickel by electroforming
on a prepared aluminum mandrel, or it will be made of titanium by
conventional forming techniques.

The torus is laid on the master surface and
a wax mandrel for the mirror skin edge radius is cast against it. The
torus is then removed and the master if made electrically conductive

by chemically depositing on it a layer of pure metallic silver.

2.2.2,2 Mirror Plating

During plating of the collector skin the
master serves also as the bottom of the plating tank. The tank sides
are a removable cylindrical shell. The plating solution is stored in
a separate tank and is pumped into the plating tank through filters and
punps. Current is fed to the anodes and the master surface (cathode)
until the desired thickness of deposit has been built up. Finally,

the plating solution is pumped out and the deposit is washed.

2.2.2,3 Torus Attachment

The torus is then placed on the nickel skin
(still attached to the master). It fits into the edge radius and is

bonded to the skin by means of an electroformed joint.

2.2.2.,4 Parting

The mirror is parted from the master by a
combination of mechanical lifting, air pressure between the mirror
and the master, and differential thermal expansion caused by localized
heating. After the mirror has been separated from the master it is

cleaned.



2.2.2.5 Coatings
If the recommended silver coating is to be

used, no further coatings are applied except for protective layers.
If some other coating is to be applied, the silver is removed chemically

and the desired coatings are applied by vacuum deposition.

2.2,3 Testing, Handling, and Storage

Optical and structural tests would be performed on
the mirror in much the same manner as has been developed for smaller
mirrors. The detailed nature of tests to be run must be determined
by system design requirements, Optical tests will probably involve
primarily solar calorimetric and Hartmann testing.

In-plant handling and storage should involve no
radically new techniques. A handling and storage container will be
provided for each mirror. This container will also serve as a handling
fixture for use in parting and moving the mirror. One of several
available protective methods will be used to prevent tarnishing of the

silver coating during ground storage.

2.2.4 Transportation

Transportation of this mirror is made difficult by
its large bulk. Surface transportation over the public highways 1is
awkward even for short distances. Four methods of moving the mirror
over short and long distances are potentially available:

1. Helicopter

2, Barge or ship
3. Blimp

4, Airplane

The helicopter would be used for most short-distance transportatiom.

10



2.3 Efficiency
The total power absorbed by the cavity absorber (exclusive of

the cavity thermal losses due to sources other than the cavity aperture
reradiation losses) is directly proportional to the combined collector-
absorber efficiency. Collector-absorber efficiency is herein defined as
the net power absorbed by the cavity absorber (assuming only blackbody
cavity aperture reradiation losses) divided by the gross power which

would be intercepted by an unobstructed collector. This collector-absorber

efficiency includes these losses:

. Collector obscuration
. Reflective coating reflectance loss and degradation

. Cavity reradiation

. Alignment and focus
. Surface errors

1
2
3
4. Misorientation
5
6
7. Errors due to thermal distortion
8

. Centrifugal effects

2.3.1 Collector Obscuration

A collector obscuration factor of 6 percent was used in
all calculations. This yields a net of 94 percent of the original power
striking the collector reflective surface. It is well to note that
collector obscuration as well as cavity reradiation at operating temper-

ature are often omitted in reporting collector efficiency.

2.3.2 Reflective Coating: Reflectance and Durability

The reflectance of the chemically deposited silver re=-
flective coating will be 91 percent or greater. Based on calculated

space environmental degradations, a loss of less than 1 percent reflectance

over the 10,000 hour design life of this collector is predicted.

11



2.3.3 Absorber Assumptions

For convenient comparison the absorber was assumed
to be an isothermal blackbody cavity. A blackbody cavity cannot be
made in practice; therefore, it can reasonably be expected that the
overall collector-absorber efficiency will be less than values quoted

using blackbody assumptions.

2.3.4 Surface Errors

At the cavity design aperture of 8 inches and a collector
misorientation of 0.267° (16 minutes) the following table lists radial
surface errors (standard deviation) and the corresponding collector-

absorber efficiencies.

g T]c-a
minutes h
0 82.0
2 81.8
4 8l.4
6 80.5
15 72.5

This rapid decrease in collector-absorber efficiency
with increasing surface error demonstrates the high premium which must
be placed on collector surface accuracy if a highly efficient Brayton

cycle power system is to be achieved.

2.3.5 Misorientation

The effect of collector misorientation up to 0.533o
was determined for collectors having 0, 2, 4, 6, and 15 minutes standard
deviation radial error, respectively. For a given cavity aperture highly
accurate collectors are much less sensitive to misorientation and achieve

the highest collector-abosrber efficiency.

12



2.3.6 Alignment and Focus

An axial misfocus of the cavity aperture of = 0.5 inches
will produce less than 1.5 percent of collector-absorber efficiency loss
for a 6 minute standard deviation mirror and an 8 inch aperture. With the
same errors and aperture,a radial misalignment in the focal plane of

+ 1/2 inches will result in a 1/2 percent loss.

2.3.7 Thermal Errors

The maximum axial misalignment due to a uniform ambient
temperature change will be less than £ 0.1 inches assuming a constant
ambient temperature for the struts and collector assembly. If the
collector shell edge is unrestrained, the maximum angular error due to
an expected temperature gradient through the collector shell of 0.156°F/inch
will be less than one minute of error at the rim. One could reasonably
expect that the shell temperature gradient would produce a collector-
absorber efficiency loss of considerably less than one percent.

The torus can be maintained within *10°F of the
average integrated collector surface temperature from the center to the
rim. Such a 1OOF temperature difference produces edge deflections and
rim distortions which may cause a collector efficiency loss of up to
1-1/2 percent. Since the edge distortions caused by the torus differential
thermal expansion and the collector shell thermal gradient rim effects
occur in the same area, maximum rim efficiency losses of 1.7 percent or less
may occur.

The effect of transient thermal variations across the
collector surface due to thermal flux changes during orbit will tend
to cause axial misfocus of less than 0.1 inches. Therefore, the total
collector-absorber efficiency loss due to temperature effects can
reasonably be expected to be 2 to 4 percent or less. Based on these
assumptions, the 80.5 percent performance value might be reduced to

between 76.5 and 78.5 percent.

13



2.3.8 Centrifugal Acceleration Effects

Deflections of the collector torus caused by centrifugal
acceleration during orbit may produce collector-absorber efficiency losses
in the same order of magnitude as the thermal losses. The exact loss in
efficiency depends to a large extent upon the design of the collector
torus and collector-to-cavity supporting struts. These performance

losses were not included in the 80.5 percent figure.

14



2.4 Structural Integrity

The proposed toroidally supported collector shells are of all-
metal construction. Exclusive of the reflective coating, the construction
will be either all nickel or a nickel shell joined to a titanium torus.
The titanium torus can achieve lower total weight, at a sacrifice in dif-

ferential thermal expansion control.

The one-piece electroformed shell design provides good uniformity
of shell thickness, near-zero residual forming stress, and near-maximum
structural efficiency. The use of only a single structural joint and the
absence of any closed pockets to entrap gas minimize the problems of
localized structural failure.

2.4.1 Static Acceleration Effects

The tensile stresses caused by axial accelerations will
not damage the structure. Using the extrapolated results of recent
empirical investigations on thin electroformed spherical caps, it can
be shown that a collector shell of the design thickness (10.7 mils) will
withstand the maximum negative accelerations specified in the environmental
specification.

The shell stresses produced by centrifugal acceleration
collector assembly are quite low. No difficulties due to compressive

buckling are expected.

The stresses produced by centrifugal acceleration
. . . 2 . .
during orbit are less than 17 1lbs/in" maximum and will have no adverse
effect on the structural integrity.

2.4.2 Dynamic Characteristics

The collector vibration characteristics will depend
largely on the mounting designs for the launch and orbit cases. Dur-
ing launch, and assuming a continuously supported torus, the collector
shell is assumed to vibrate in the axisymmetric breathing mode. For
these assumptions, the natural frequency is in the range of 80-150
cycles per second. For the cases of 3-, 4-, or 8-point suspension of

the torus during either launch or orbit, collector vibrations will be

15



determined primarily by the torus natural frequencies. For these

cases the collector natural frequencies will range between 2 and 20
cycles/sec. Because of the high degree of air dampening for this
structure for high frequency vibrations (greater than 36 cycles/second),
a continuously supported torus design is preferred for launch. Dur-

ing orbit, the quadrapod strut design is preferred from a vibrational
standpoint,

The 35g shock loading will have no permanent effect
on the continuously supported structural -design. The 8-point torus
mounting during launch, appears marginal for the present torus design.

The static pressure equivalent to the net positive
radiation pressure of a 148 db acoustical noise field, Re 0.002 micro-
bar, is an order of magnitude less than the critical buckling pressure
and should present no buckling problems. The dynamic effects of the
collector shell, compared with available test data on aluminum plates,
indicate that the nickel shell stress due to acoustical noise condi-

tions should be low.

2.4.3 Thermal Effects

The transient temperatures encountered by the collec-
tor should not cause collector structural failure due to the effects
of thermal shock, ambient and transient changes, and the thermal

gradient across the collector shell.

16



2.5 Reliability
Analytical calculations indicate that the proposed design

concept will have a high reliability and structural integrity through-
out the ground test, launch, and orbit phases. These calculations
are based on the analysis of the following possible problem areas:
1. Environmental specifications
Ground atmospheric environment
Micrometeorites (computed)
Temperature
Ultraviolet radiation
Vacuum

Charged particles

o N o kPN

High energy, electromns, protons, photons, x rays
The potential high reliability of the proposed design is

due to the following factors:

1. All-metal comnstruction

2. One-piece electroformed nickel shell

3. Low residual stress

4. No pockets for gas entrapment

5. Single joint

6. Electrochemical bonds between torus and shell

7. Low thermal expansion material (s)

8. Low thermal gradient across collector shell

9. High air dampening

10. Reflectance coating with potentially high resistance to

space environment

11. High collector-absorber efficiency

17



2.6 Recommendations

Based on this design study additional information is re-
quired in two areas:

1, Additional structural investigation
2, Space reflectance measurements

It is recommended that work be performed in the following

areas:

1 Static buckling

2. Vibration

3. Acoustical noise

4. Thermal stress
Optical tests would be performed before and after structural tests to
determine the degree of collector deterioration, if any. Based on the
results of these structural tests the design calculations used in
this study can be verified and improved.

In-space measurements of collector reflectance degradation
are necessary to verify predicted degradation rates. Space experi-
ments to obtain this data are in the planning stages. No final proof
of collector durability will be available until these experiments are

run.

18



3. COLLECTOR DESIGN

The collector design proposed by EOS is shown in Fig. 3-1. The
proposed structure is a paraboloidal nickel shell supported by a rim
mounted torus with suitable mounting brackets for the torus-to-radiator
and absorber~to-torus supports.

The maximum diameters for collectors intended for integration with
the Saturn S-4B and S-2 stages will be 20 ft and 30 ft respectively.

For the 30-ft diameter collector a rim angle of 55° is proposed,
corresponding to a 1l4.4-ft focal length paraboloid. As a first choice
it is suggested that the 20-ft diameter collector be fabricated from
the same 14.4-ft focal length paraboloidal master. This would result
in a 38.3° rim angle 20-ft diameter collector. As a second choice the
20-ft diameter collector would be fabricated from a 9.6-ft focal length
master corresponding to a 55° rim angle. The 55° rim angle collector
was chosen primarily for packaging, weight, and structural integrity
considerations. A detailed analysis of the optimum rim angle is given
in Section 5.

As a first choice the collector will be mounted by a continuous
torus support during launch. Alternatively, an 8-point mounting support
with the necessary toroidal and radiator brackets can be used. 1In
orbit either a telescoping tripod or quadrapod strut support of the
collector torus from the cavity absorber can be used. A quadrapod

support is recommended for structural reasons.

3.1 Material
The collector shell will be fabricated from electroformed
nickel (see Section 4). The residual shell stresses will be less than

500 1bs/in2 because of the excellent stress control possible with
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nickel electroformed from the sulphamate solution. The joint between
the torus and shell will also be of electroformed nickel. The torus

will either be nickel or titanium. The mounting brackets between

the radiator and torus and between the cavity absorber and torus can

be fabricated from either aluminum, titanium, magnesium, or nickel.

3.2 Reflective Coating

The first choice for the reflective coating will be chemi-
cally deposited silver applied prior to electroforming on the master
surface. The coating thickness will be 8008 +2004. The durability of
the silver coating will be discussed in Section 7.

As a second choice the electroformed nickel shell would be

coated with a vacuum deposited multiple coating in the following

sequence:
(Nickel substrate)
Chromium - 2008 *100&
Silicon monoxide - 2500A +2504
Aluminum - 10004 +2004
3.3 Weight

The weight of electroformed collectors can be varied greatly
merely by varying the thicknesses of the nickel skins and the nickel or
titanium torus walls. The actual design weight for a particular collec-
tor is chosen to meet the specified environmental conditions. For the
Brayton cycle collector, a specific weight ranging from 0.7 1lbs/sq ft
for a nickel shell-titanium torus collector to 0.8 for an all nickel
structure appears adequate to meet the specified requirements. A weight

summary for this design is given in Section 8.

3.4 Performance Characteristics

A collector-absorber efficiency of 80.5 percent can be ex-

pected, based on:

Maximum surface error - 6 minutes standard deviation

Misorientation - 16 minutes (0.2670)
Obscuration - 6 percent
Reflectivity - 91 percent
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Blackbody cavity absorber at 2110 R

Cavity aperture - 8 inches diameter
Additional efficiency losses may occur from misalignment and misfocus,

thermal effects, and centrifugal structural effects (see Section 5).

3.5 Alternate Structural Design

The main structural problem for the toroidally supported
shell collector is-compressive buckling. Early in this program several
alternate design concepts were considered. However, all except the
toroidally supported structure were disregarded either because they
did not help to prevent buckling or because they suffered from a loss
of efficiency or reliability compared with the toroidally supported
shell structure. Some of these concepts do have greater resistance to
compressive buckling. If it should be found that compressive buckling
is more serious than is now calculated, certain features of these de-
signs could be applied to the toroidally supported structure at some
expense in performance and reliability. Under some circumstances, the

proper use of these concepts could result in a slight weight reduction.

3.5.1 One-Piece Monocoque Structure

In this design concept, Fig. 3-2, the front skin is
regidized by a second compound-curved shell of deeper curvature attached
to the front skin at the edge. However, this concept does not provide
the high edge rigidity required for the strut support brackets. Further-
more, it adds nothing to the compressive buckling resistance of the
front shell. Consequently, it is not recommended for this application.

3.5.2 One-Piece Reflective Skin with Segmented Monocogue
Backing Structure

In this concept, Fig. 3-3, the front skin is plated in a
single piece as in the toroidally supported structure. However, the back-
ing structure consists of petal-shaped monocoque shells, which are attached

to the front skin along the edges of the petal-shaped segments, as well
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as at some intermediate points. Although the compressive buckling
resistance of this structure may be somewhat better than for the
toroidally supported shell structure, the edge rigidity is low unless
a torus is used and the optical performance is degraded by distortion

at the attachment points on the reflective skin.

3.5.3 Honeycomb Structures

The rigidity of the toroidally supported shell
structure can be somewhat improved by applying honeycomb stiffeners
to the back surface of the shell, Fig. 3-4. The honeycomb would not be
the commcen expanded metal type, but would be an electroformed configu-
ration made in one piece and having its own structural rigidity.

These honeycomb sections could be bonded to the shell structure
wherever needed to increase rigidity. The bonding could be accom-
plished either by relatively conventional adhesive techniques or

by direct electroforming. The latter would retain the advantage

of an all-metal structure, free from organic materials. The effic-
iency loss with this concept would probably be less than for any of
the above approaches. Even so, it is not recommended unless the
simple, toroidally supported shell structure suffers from unexpect-
edly severe buckling problems. If this should occur, the use of
these special electroformed honeycomb stiffeners would provide a
positive method of assuring the integrity of the basic electroformed
collector structure.

The use of the eleétroformed honeycomb stiffening
structure would allow the design of a collector structure which would
be somewhat lighter than the toroidally supported shell structure.
However, the reduced collector performance and the increased thermal
distortion problems would no doubt more than compensate for the weight

saving, unless the stiffeners are needed to prevent buckling.
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4, MANUFACTURING, TESTING, HANDLING, AND TRANSPORTATION

The steps involved in the manufacture of the large Brayton cycle
collectors will be similar to those developed for smaller mirrors at
EOS. Aside from making the master, the difficulty in making electro-
formed replica mirrors does mot increase proportionately with size.
In some cases, process modifications will be necessitated by the larger
scale of the big mirrors, because of the impracticality of handling
the larger components in ways that are relatively simple for five-foot
mirrors. However, very few new technical problems inherently related
to the larger size are contemplated.

The elements of the proposed fabrication process were summarized
in Subsection 2.2. The main features of the process are examined in

greater detail in this section.
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4.1 Master Design and Fabrication

The first manufacturing step is the design and fabrication
of a geometrically accurate and highly polished master. The master
surface is to be a convex paraboloid of revolution. Several techmniques
have been developed for generating paraboloidal surfaces for optical
elements. Concave paraboloidal telescopic mirrors are made by gener-
ating, first, a spherical surface. The center of the sphere is then
deepened by hand corrections until the desired paraboloid is produced.
This is a laborious and exacting process and is only suitable for very
shallow curves, for which the difference between the sphere and parab-
oloid is slight. Deeply curved shapes, such as solar collectors,
require other methods of generating the surface contour. Several
methods will be described in this section.

Consideration must also be given to the material from which
the master surface is formed. Ground and polished glass masters have
been used successfully for solar collectors up to five feet in diameter.
The largest glass telescope mirror is that of the 200-inch Palomar
telescope. However, casting the blank for the Palomar telescope was an
extraordinarily difficult challenge to the glass makers' art. For
example, an annealing period of 18 months was required to relieve
stresses adequately. Casting of a glass blank for a 20- or 30-foot
diameter master would be of comparable or greater difficulty and cost.
Although it is conceivable that the master surface could be built up
from smaller glass sheets (perhaps slump molded over a substrate form)
there are at least two other major objections to use of glass for

large collector masters:

1. Glass masters may be cracked or broken during plating if
plating stresses are not adequately controlled or if the part-
ing layer adhesion is excessive.

2. Parting is more difficult from glass masters because of the
greater adhesion of the parting layer to glass as compared

with other proposed materials.
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Although it is technically feasible to make a 30-foot diameter master
of glass, practical considerations weigh heavily against considering
glass masters for this application.

_ Fortunately, several other methods and materials are avail-
able. This section will begin with a detailed description of four

such methods: template machining, blade grinding, plastic overlay, and
spin casting. This will be followed by a comparative evaluation and

recommendations for the full-scale mirror development program.

4.1.1 Template Machining

4.1.1.1 Process Description

In this process, the master consists of a
rigid substructure coated with a polishable material. The surface
is shaped and polished by a template-guided grinding and polishing
tool supported in a suitable traversing mechanism.

A schematic diagram of a typical setup is
shown in Fig. 4-1. The master substructure must be quite rigid to
withstand stresses encountered during polishing and plating of the mir-
ror. The substructure is built up from fabricated steel. The upper
surface is a welded steel shell formed to the approximate curvature
of the final master. If necessary, the steel surface would be machined
(using the method described below) to bring the surface more nearly
into conformity with the paraboloidal shape. At this point, a linear
deviation of not more than *1/8 to 1/4 inch is adequate. The master
surface is then coated with a layer of filled epoxy resin between
3/8 inch and 3/4 inch thickness. After curing, this layer is machined
to within *£1/16 inch of the paraboloidal curve. A final surface layer
of a polishable material is then applied. Typically, this layer would
be an unfilled epoxy or polyester plastic. (Specific results regard-
ing polishing experiments for these materials are discussed in Appendix
C.) This surface layer is then ground and polished to the best accu-

racy and surface finish obtaimnable.
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All machining, grinding, and polishing opera-
tions are accomplished using the apparatus shown schematically in Fig.

4-1. The master is mounted on a rigid base. A rigid overarm is mounted
above the master surface. An accurate template or set of templates is
mounted on the overarm. This template (or templates) guides the motion
of a carriage which in turn carries the machining, grinding, and polishing
tools. A drive mechanism is provided to move the carriage along the over-
arm between the center and rim of the master. At the same time, the over-
arm is rotated about the master optical axis. The outer end of the over-
arm is supported by a flat bearing. In this way, all points on the mirror
surface can be reached. (An alternate, but equivalent, arrangement can be
devised in which the overarm remains fixed and the master rotates about its
optical axis.) In this case, the master rotation must be held so that RPM
x r ~ K £ 25%, where r is the radius at which machining occurs, K a con-
stant and RPM the rotations per minute. A variety of tools can be used
depending on the particular operation:

1. Single point cutters for rough machining

2. Rotating for wheels for grinding or polishing

3. Vibrating tools for fine grinding or polishing
The guide templates are curves developed from the ideal parabola in such
a way that the tool will traverse the desired curve while at all times
remaining at the proper angle with the surface.

The master is maintained at a constant temper-
ature during the grinding and polishing operations and throughout the mirror
plating operations. This temperature is to be equal to the bath plating
temperature and is maintained by a thermostatically controlled water passage
below the surface shell of the master (see Subsection 4.2.1). Maintenance
of the constant temperature is necessary to minimize thermal stressing and

distortion of the plastic surface layer.

4.1.1.2 Current Status

In all its essential features, this process is
akin to conventional machining operations as well as conventional optical

grinding and polishing techniques. It differs from conventional
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practice only in size and in the specific configuration of the equip-
ment.

An evaluation of the process for making solar
collector masters has been performed at EOS on three different scales,

2-foot, 10-foot, and 44.5-foot diameter.

Two-Foot Diameter One-Piece Master. On a

previous program at EOS, a 2-foot diameter paraboloidal master and
machining set-up was made to evaluate this process. This setup is
shown in Fig. 4-2. The templates are parabolic cams placed on either
side of the master. A straight edge placed between the two rails is
approximately tangent to the master surface. A carriage rides on these
rails and is moved back and forth by a drive mechanism. The master
substructure consists of a steel tankhead with a welded base plate.
The tankhead was coated with a thick layer of filled epoxy resin that
was machined to the approximate curvature desired. On the previous
program, the surface layer material was an unfilled layer of polyester
resin. Machining, grinding, and polishing were accomplished by a single
point cutter or a rotary power head mounted on the carriage to perform
the various machining, grinding, and polishing operations. During the
previous program, a series of experiments was run in which the master
was machined and ground to shape using a high speed router as the cut-
ting tool. Final polishing was then done by hand. It was found that
a satisfactory geometry could be obtained during the machining and
grinding operations. Although, hand polishing produced an excellent
finish, the pressure irregularities degraded the geometry somewhat dur-
ing the polishing phase. Several replica mirrors were made from this
master.

On the present program, this master was re-
activated with the objective of continuing polishing experiments to see
if better results could be obtained by completely mechanical methods.

A preliminary series of experiments was run to check out the equipment,
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At about this time in the program, the machine for polishing segments
of a 10-foot mirror was put into operation on another program at EOS
(see next Subsection). It was felt to be redundant to evaluate the
same process on two different programs at EOS. Therefore, the two-
foot diameter master equipment was modified to perform the blade grind-
ing process (see Section 4.1.2).

Segment Masters for 10-Foot and 44.5-Foot
Diameter Mirrors

Under a series of programs, EOS has been
investigating methods of making segments for furlable 10-foot and
44 .5-foot diameter solar collectors. The first program was on the
larger diameter mirror and was aimed at proving the feasibility of the
monocoque structural technique for fabricating large, lightweight mir-
rors. The mirror elements developed on this program were approximately
20-feet long and 5-feet wide. The master fabrication set-up is as
shown in Fig. 4-3. 1Inasmuch as the objective of this program was to
prove the structural feasibility of large segments, no effort was made
to completely finish the master surface. It was machined and roughly
polished to the approximate contour. Optical replication properties
were determined by means of flat glass inserts placed in the master
surface at known locations. Figure 4-3 shows the inserts being mounted
in the master surface. The angles of rays from these inserts were
compared with those from the replicated mirror. This program did,
however, prove the feasibility of the cam-guided machining, grinding,
and polishing process.

Under a more recent program, a more highly
sophisticated machine of the same type has been developed for making seg-
ments of 10-foot diameter furlable mirrors. 1In this case, two sets of cam
rails are provided in order to position the tool at all times perpen-
dicular to the true paraboloic surface. Great care has been exerted to
minimize errors resulting from machine tolerances or deflections. The

master substrate is an iron casting. This is machined to the parabolic
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curve using a rotating grinding wheel having its axis parallel to the
surface. The master surface is then covered with a layer of polyester
resin approximately 1/4 inch thick. This surface is also rough machined
with the rotating wheel. This tool is then replaced by a vibrating -
tool which moves in a plane tangent to the master surface. The

abrasive medium is Polysand cloth of varying grades mounted on the
vibrator with a sponge rubber backup. The tool is slowly moved from

one end of the master to the other as the overarm pivots about the
optical axis, Initial results look promising. Tests are under way to

evaluate the master accuracy and reflectance obtainable by this method.

4.1.1.3 Accuracy Considerations

Master accuracy is controlled by several

factors:

Rigidity of master structure and overarm structure

Bearing tolerances

Template accuracy

Thermal conditions

. Tool wear

o N B s U R I

. Resiliency of tool or surface material

These factors are common to all conventional machining processes, of
which this is an example. There is nothing unique about this particular
process except that the equipment is designed specifically to form a
particular shape.

A criterion for master accuracy must be estab-
lished as a basis for evaluating machining, grinding, and polishing
accuracy limitations. A surface slope error of one minute of arc is a
useful criterion. Errors less than this amount will have no measurable
effect on collector performance. An angular error of one minute of
arc corresponds to a gradient of one mil in 3.44 inches (or 10 mils in
34.4 inches). Therefore, conventional machine design practice should

be adequate to eliminate significant errors from bearing slop and lack
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of structural rigidity. The guide templates can be readily formed to
an accuracy of *10 mils from the ideal curve over their entire length.
Thermal problems can be minimized by mainte-
nance of constant temperature conditions. For example, if the master
structure is steel with an average depth of three feet, then adjacent
areas 34 inches apart must be held with temperature extremes of approx-
imately 30°F to maintain the surface figure within one minute of arc.

This is readily accomplished by using circulating water passages

beneath the master surface and by holding the general master environment

at a fairly constant temperature.

Therefore, the main sources of error would
seem to be tool wear and the resilience of the tool and the master sur-
face. This has been qualitatively confirmed by experiments at EOS on
another program. However, quantitative values for errors to be expect-
ed from these sources must await further testing. Visual examination
of the surfaces produced so far indicate that maximum errors may con-
siderably exceed one minute of arc in local areas of the surface, but
the mean errors should be adequately small for good collector perform-

ance.,

4,1.2 Blade Grinding

In the previous section, a master fabrication process
using a template guided machine was described. However, it is also
possible to generate a paraboloid of revolution through the use of the
inherent properties of the paraboloidal geometry. A process for doing

this is known as blade grinding.

4.1.2.1 Process Description

The blade grinding process is derived from
a fundamental geometric property of paraboloids of revolution: 1if a
paraboloid of revolution is cut by a family of planes lying parallel
to the axis of the paraboloid, the intersections of these planes with

the paraboloidal surface will be a family of identical parabolas. No
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other surface of revolution, when sectioned in this manner will form

a family of identical curves of any type. Therefore, a machine can

be devised which will automatically generafe a paraboloid of revolution.
This is done as shown in Fig. 4-4, by rotating a surface of revolution
about its axis and grinding it with a flat blade which is maintained

at all times parallel to the axis of the surface of revolution and is
moved back and forth from one side of the rotating surface to the other.
If the rotating surface is not a paraboloid, (and if the blade is not

a corresponding parabola) the blade and the rotating surface will make
only partial contact. Then both will wear preferentially until they
make full contact throughout the entire cycle. Under these conditions,
by the previous geometrical argument, the surface must be a paraboloid
of revolution and the blade must be a parabola. This principle is valid
even if the blade is not of infinitesimal thickness. In fact, the
blade can be of any thickness, since at any position only a line con-
tact will exist between the blade and the rotating surface. Therefore,
the blade will wear into a saddle-shape surface (if the surface of
revolution is convex). 1f the blade is sectioned by planes parallel

to the flat faces, intersections of these planes with the blade "edge"
will be the same parabola as that obtained by sectioning the surface of
revolution, Both convex and concave surfaces of revolution can be gen-
erated by blade grinding with approximately equal ease. However, only
convex masters are of interest in the present discussion of solar
concentrator fabricatiomn.

Both the blade and the rotating surface are
preshaped to the approximate desired paraboloidal shape in order to
minimize the amount of material to be removed and to allow better
control of the focal length of the final surface. The structure is made
by a process quite similar to that described in Subsectiom 4.1.1.1.

The structure is built up from fabricated steel with an upper surface
of welded steel formed to the approximate curvature of the final master.

This will be coated with a layer of filled epoxy which will be blade
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ground to the desired curvature. A final layer of unfilled plastic
will be applied and cured. The blade will be of plastic such as
acrylic or cast epoxy. The master will be maintained at a constant
temperature throughout the finishing and plating operatioms.

The master is mounted on a large shaft such
that it can be rotated about its optical axis. The blade is moved
back and forth by a traversing mechanism illustrated schematically in
Fig. 4-4. The blade is maintained parallel to the optical axis by
means of a parallelogram linkage. The blade support arms are positioned
by a carriage which moves back and forth on a pair of accurate machined
rails,

Grinding begins in a conventional manner
using coarse powdered abrasives. After the blade and rotating surface
are brought into good contact at every point, the surface finish is
improved using succeedingly finer grades of powdered abrasives until
a fine-ground surface is obtained. The blade edge is then covered with
a suitable polishing lap material such as felt and polishing is com-
menced using polishing agents appropriate to the material from which

the master surface is made.

4,1.2.2 Current Status

The principle of the blade grinding process
for generating parabolic surfaces of revolution has been known for
many years. This process was used by Bausch and Lomb prior to and dur-
ing the second world war for fabricating five-foot diameter glass
searchlight mirrors for military use. Although the records have been
lost, it is believed that both the front (concave) and back (convex)
surfaces of the glass masters were ground by blade grinding. Polishing
was accomplished using rotating soft polishers mounted on oscillating
arms. As far as is known, no attempt was made to correct the figure
generated in this manner. These glass mirrors are accurate within omne

to two minutes of arc mean angular deviationm.
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More recently, a form of the blade grinding
process has been used for making deep parabolic masters for search-
light reflectors. It is the only known economical method of generat-
ing deep parabolic surfaces which are free from concentric zones within
a minute of arc.

The successful use of the blade grinding
process in the past stimulated its evaluation on the present program as
a method of forming the large Brayton cycle collector master. The two-
foot diameter master was converted to the blade grinding process after
initial experiments had been run with the template guided machining
and polishing process. The blade grinding machine is illustrated in
Fig. 4-5. Details of this machine and the experimental program and
results are given in Appendix C. In summary, it was found that the
process readily generated parabolic surfaces having maximum slope
errors of the order of one minute of arc or less. Various methods of

obtaining a satisfactory surface polish have been investigated.

4.1.2.3 Accuracy Considerations

Factors affecting the accuracy of a blade

ground master include:

. Rigidity of master structure

Alignment of blade with master axis

Uniformity of master surface material and of blade material

. Thermal conditions

i &~ W N e

. Resiliency of polishing lap

The blade grinding process is less sensitive to machine tolerances
than is the template guided machining process. In the blade grinding
process, it is only necessary that the axis of rotation be stable and
that the blade be always held in a constant alignment with this axis.
The blade should be nearly parallel to the axis but misalignment by a
few degrees is not important as long as the alignment between the axis

and the blade is constant. Constant alignment can be assured if:
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The carriage rails are straight and parallel
2. The parallelogram support arms are of equal length
3. The bearings in the parallelogram linkage, carriage travel,

and master rotation mechanism are free from slop

Equal length parallelogram arms can be assured by building a positive
length adjustment into the upper arms. The required straightness of
the carriage rails can be calculated by considering the blade tilting
angle tolerance. If the blade changes in angle, it will no longer
conform to the parabolic surface. If, for example, the blade tilts
toward the optical axis, it will pivot at the center point and the
tips will 1lift away from the surface. The worst possible situation
would occur if the grinding action was so rapid that the master
surface was brought into contact with the tilted blade during one por-
tion of a traverse. 1In this case, the angular error would be approx-
imately given by the separation of the blade tip from the ideal parab-
oloid (in the tilted condition) divided by the length of contact be-
tween the blade from the center to the tip. (In reality, this situ-
ation could not occur, since a great many traverses are required to
remove even a small amount of material from the master surface. Some
compensating effects would take place to reduce the total error.) As
the blade is tilted, two effects tend to increase the separation

between the blade and the master:

1. The blade tip moves in an arc
2. The master surface falls away from the blade tip because of
its local slope angle (except when the blade is crossing a

diameter of the master)

The first effect is extremely small. The lifting of the blade tip be-
cause of blade tilting is proportional to the cosine of the tilt angle.
If the blade is crossing a diameter of the mirror, the error angle,

e caused by tilting of the blade, &, is given by
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2hc
e, = T (1 - cos §)
c
or (4-1)
ech
§ = arc cos (1 - —2ﬁi?
where
c = Sagitta of contact line between blade and master
e = Length of contact line between blade and master

For a 30-foot master the sagitta would be about 4 feet and the contact
length between the blade and the master would be approximately 34 feet.
Then for a one minute of arc error angle, e the blade tilt angle
would be about 4°.

The second effect does not occur when the
blade is crossing a diameter of the master (because the master has no
local slope angle at that point) and it disappears as the blade
approaches the rim because the contact between the blade and the master
approaches a straight line. The maximum effect is probably approximately
halfway between the center and the rim of the master. The angular error

contributed by the second effect is given approximately by

2hC sin & tan W

e 1

2 L
c

or (4-2)

5 = . eZLc

= arc sin| sp—pr
c
where
b = local slope angle of master surface
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At a point approximately halfway between the center and the rim of the
master, the sagitta of the contact line would be approximately 3 feet,

the length of contact would be approximately 30 feet, and the local slope
angle would be approximately 15°. For a one minute of arc error angle,
the blade tilt angle would be about 1/20. Actually, however, a tilt angle
of at least one degree could be tolerated, since the above analysis deter-
mines the deviation from a given parabola rather than from the best-fit
parabola. Furthermore, because of the relatively slow grinding action
and various compensating effects, it is probable that an even larger

blade tilt angle could be tolerated. However, it is simple to maintain
the blade angle within one degree, by conventional machine design proce-
dure.

Side motion of the blade has not been, nor is
it expected to be, a problem.

Uniformity of the blade material and surface
material is of some importance. TIf these materials are extremely non-
uniform, preferential wear may occur in the softer areas preventing full
contact from ever being completely established. However, with reasonable
care in preparing the surface material and blade, the geometric constraints
imposed by the blade grinding process will take precedence over the effects
of material nonuniformity.

Rigidity of the blade is relatively unimportant
since there is no appreciable weight on the blade, the process is self-
correcting. Plastic blades, metal backed, have performed satisfactorily
in the grinding of 2-foot masters. Blade cooling, if required, is easily
accomplished by impinging a cooling fluid on the blade.

Rigidity of the master structure is important to
eliminate bending when the blade is near the rim. It is also important
that the blade support and traversing mechanism be rigid to prevent chat-
tering. However, the blade support arms are always in temnsion or compres-
sion and never need support any significant bending moments.

As in the case of the template machining process,
it is important to maintain the master at a constant temperature to mini-

mize thermal distortion and stressing.
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Since the weight of the blade is spread over a
fairly large area, resilience of the surface material does not seem to be
a serious problem. However, the blade is counter weighted to permit any
required surface pressure to be imposed. Speed control on the master ro-
tating mechanism or the blade traversing mechanism has not been critical
in experimental studies. The relative speeds of rotation and traversing
will be varied throughout the process in accordance with the character-
istics of the various grinding and polishing agents. These speeds will
also be varied to eliminate the possibility of errors being introduced
into the surface because of periodically repeating patterns in the motions
of the components.

4.1.3 Plastic Overlay Process

4.1.3.1 Process Description

The plastic overlay process provides a method
of producing an accurate, polished master without the necessity for po-
lishing the surface after generating the surface shape. In this process,
a master substrate is prepared in the same way as for the template machin-
ing or blade grinding processes. The master consists of a steel sub-
structure covered by a layer of filled epoxy, which is cured and ground
as closely as possible to the final desired curvature. This grinding
operations would be done either by the template grinding or blade grinding
process. Next, a thin (1/8 to 1/4 inch) sheet of unfilled plastic is cast
between two flat glass plates. (These glass plates need be only of ordi-
nary plate glass quality). After the plastic layer has gelled and is suf-
ficiently stiff to be handled, it is parted from the glass plates and is
draped over the substrate surface. It is then drawn into close conformity
with the master substrate surface either by mechanical stretching or by
conventional vacuum bag techniques. After sufficient stretch has occurred
to bring the plastic layer into conformity with the substrate, curing is
allowed to proceed to completion. The surface layer is then bonded per-
manently to the substrate.

For a full scale 30-foot master, two methods are
available for casting and applying the surface layer. 1t can either be

cast as a single piece membrane or as segments that are formed to shape,
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trimmed, and butt-joined. The second method would involve making the
surface layer in sections small enough to be cast from individual glass
plates. These sections might be typically either petals or hex shapes.

The finishing operation would then proceed with the following steps:

1. The substrate surface would be marked off with the desired
pattern of sectioms.

2. The plastic sections would be cast oversize between two glass
plates. After partially curing they would be removed from
the plates, draped over the master surface, and allowed to
complete curing. For this step, no adhesive would be placed
on the substrate.

3. The plastic section would then be cut to the shape of the
inscribed pattern on the substrate.

4. It would then be lifted off the substrate and stored.

5. The other surface sections would be made in the same manner.

6. After all the sections have been finished, they would be
bonded to the substrate surface, one at a time, leaving a
very slight gap between each section.

7. The gaps would then be filled with liquid plastic of the
same type used for the surface layer.

8. After curing, the joints would be butted out by hand to

produce a smooth transition between the sections.

An altermnate approach involves casting the
plastic surface layer as a single piece. The glass plates between
which the surface layer is cast would be made in sections. Typically,
these glass sections would be approximately ten feet square. Their
edges would be lapped together to provide a good fit. The glass sec-
tions would be layed on a flat platten and would be bonded together
with cast plastic joints. The upper plate would be made in a similar
manner and would have a lifting fixture. Spacing between the two

plates would be accomplished by means of small plastic spacers cast of

47



the material which is to used for the master surface layer. These
would have been pre-cast between glass plates and cut to size, typically
1/4 inch diameter. They would be chosen to have highly uniform thick-
nesses. These would be placed on the surface of the lower plate at
spacings of about one foot apart. The liquid resin would then be
poured on the lower plate, and the upper plate would be layed in
place. After the proper curing period, the upper plate would be re-
moved and a handling ring, slightly over 30 feet in diameter would be
attached to the piastic membrane. The membrane would then be lifted
from the lower plate, inverted, and draped over the master substrate
surface. A liquid adhesive would be placed on the substrate prior to

the draping operation.
The first approach (casting the plastic

layer in sections) has the advantage that it minimizes the handling of
large, bulky sheets of plastic. It also minimizes the amount of stretch
required for each section. However, because of the joints, the sur-
face might not be quite as uniform as that of a single-piece surface

layer.
4.1.3.2 Current Status

Methods similar to the plastic overlay tech-
nique have been used for many years for making glass objects such as
searchlight reflectors. The difficulty with glass is that the entire
structure must be heated to the softening point of glass. Plastics have
the advantage that the process can be performed at or near room tempet-
ature. The plastic overlay process is now under intensive investigation
at EOS as a means of making large low-cost collector masters. Under
another program, the process has been investigated for making petal
masters for petalline solar collectors. Several masters for segments
of 10-foot diameter unfurlable mirrors have been made successfully.
Results appear most encouraging. The master surface finish is virtually
indistinguishable from that of polished glass and is remarkably free
from geometric defects such as waves or ripples. Experiments are being

performed by EOS to assess the feasibility of forming full-circle
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masters by this technique. An 18-inch diameter master was made suc-
cessfully using a glass substrate. This has been followed up by tﬁo-
foot diameter masters having metal substrates. Results have been very
promising. A more detailed description of the experimental work will

be given in Appendix C.

4.1.3.3 Accuracy Considerations

The accuracy of the final master is determined

both by the accuracies of the substrate and the surface layer. The
substrate would be shaped by the template machining or blade grinding
processes which have already been discussed. This section will be
limited to the characteristics of the surface layer.

Several factors could give rise to geometric
errors on the master surface. If the master substrate is an accurate
paraboloid and if the surface layer is of constant thickness, then the
resulting surface will not be true paraboloid. Furthermore, since the
final surface layer is made by stretching a flat sheet, some differ-
ential thickness must occur. These two types of errors are inherent.
Other errors resulting from lack of process control include:

1. Nonuniform thickness of surface layer caused by spacing
variations between glass plates.

2. Differential stretching caused by nonuniformities of surface
layer properties.

3. Show-through of defects on substrate surface or on back sur-
face of plastic layer, including air bubbles, dirt particles,
inclusions in adhesive, etc.

4. Nonuniform adhesive thickness.

The magnitudes of the inherent errors can be determined amalytically.
Those resulting from process control considerations must be evaluated

experimentally.

Inherent Errors. If the master substrate is

an accurate paraboloid, then the addition of a constant thickness skin

will no longer produce an exact paraboloid. The error introduced in
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this way can be determined by calculating the angular deviation from
the best-fit paraboloid of a surface that is separated from a true
paraboloid by distance, t (skin thickness).

o

Consider a convex paraboloid having the form

2
y = % (4-3)

With the addition of a constant thickness skin, a new surface will be

formed. If the new surface were a paraboloid, it would be defined by

2
y' = ——"X—T -t (4-4)

4(f+—;’)

The difference between y and y!is

? ﬁl 2 X._l—
(v - ¥ I e B e | -9
parab. o 4 | £ 2f + ty 0 4 2f2 + ft
when t << f,
o
z xE to
(v -y )parab. = T 2 (4-6)
2f
However, the actual difference between the curves is
’ o |
G-y )actual = (4-7)
cosb

where 6 is the angle between the optical axis and a radius of curvature
vector. Then the net difference between the actual curve and a parabola

t
of focal length (f + —g) is:

50



t ¥ t

-y -y =

A= G-y parab. cosf 0 8f2

actual

(4-8)

2
- tor — - X 1]
-cosf 8f

N

The angular error between the actual curve and the ideal parabola is
e = & (4-9)

where s is the coordinate measured along the parabola. For any

increment of length along the curve,

dA dA

T g == -

P cos ax (4-10)
Approximately,

JEE+ )2 - 32 a2

6 = .
cos (2f + to) = T if t0 << f (4-11)
Then from Eqs. 4-8, 4-9, 4-10, and 4-11 :
2 2 2
o o W4f - X {_—_g . 2f % —1:]1
2f dx o ,\/4f2 _ XZ 8f2
(4-12)
2 2 2f
_ Wf4f - "t % - _x_]
L% 2 2.3/2 2
2f (G£° - X9 4f
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Assume

f = 1l4.4 ft
x = 15 ft (rim of master)
to = 0.25 in = 0.0208 ft
Then
e = 1.94 x 10—4 radians = 40 secs of arc

By substituting smaller values for ¥, it can be verified that the great-

est error occurs at the rim (x = 15 ft).

This error could be eliminated by generating
the substrate as a surface a distance, to’ below a true paraboloid.
However, this could not be done if the substrate is prepared by the
blade grinding process, which can generate only paraboloidal surfaces.
Furthermore, as will be shown next, it may not be desirable to attempt
to eliminate this error because of a compensating error.

The second inherent error is that caused by
the stretching of a flat sheet in order to conform with the parabol-
oidal surface. In this analysis it will be assumed that the sheet
acts as an elastic diaphragm, which is brought down over the parabol-
oidal surface contacting it first at the center. The diaphragm is
then further pulled down over the master in such a way that all stretch-
ing is radial (concentric circles on the diaphragm move down and con-
tact their projections on the paraboloid without increasing in circum-

ference). Since the plastic volume and the hoop lengths are constant

tds = constant (4-13)

where t is the local thickness of the stretched sheet. Each radial
increment, dy, of the original (flat) sheet stretches to a length ds.

But,

ds = dy/cosb
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At the center of the master ( yx = 0, 6 = 0)

t = t_andds =dX - (4-14)
Then everywhere
tds = t dX
(4-15)
L cosf
to ds

For the stretching skin the difference between the actual curve and

the substrate curve, from Eq. (4-7) is:

|

s
(v -y )actual = t (4-16)
cosb
But using Eq. (4-15)
(tO cosf)

actual cosf

(y - yl) =t = constant (4-17)
Therefore, the new surface is displaced from the paraboloidal substrate
surface by a constant distance in the y direction. Then the new sur-
face is also a paraboloid. Thus, the two inherent errors are exactly
compensating, under the assumptions used in this analysis. Furthermore,
taken individually, they are negligibly small. Therefore, even if
precise compensation does not occur, these errors cam still be consider-

ed negligible.

Process Control Errors. The effect of process

control errors on master geometry must be evaluated in relation to the
required dimensional tolerances. As stated above, a one minute of arc

slope error is equivalent to a dimensional error of one mil imn
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3.44 inches or 10 mils in 34.4 inches. Some of the causes of and
remedies for the processes control errors will now be considered.

The thickness of the surface layer is con-
trolled by the spacing between the glass sheets during casting. This
spacing can be most readily controlled by using spacers placed between
the glass sheets. The spacers would be pre-cast discs of the same
material from which the surface layer is to be cast. However, the
spacers would be made in a small setup with precisely controlled spac-
ing, such that they would have a uniform thickness. Furthermore, they
would be measured prior to use to assure thickness uniformity within
1 or 2 mils, These spacers would then be placed about between the
surfaces of the large casting sheets at spacings of the order of one
foot between centers. This technique allows accurate control of sur-
face layer thickness within a few mils over any desired span. Note
that the glass casting sheets need not be maintained flat within this
tolerance, as long as the parallelism between the sheets is accurately
maintained.

Differential stretching of the surface layer
during the draping operation is another possible source of error.

This could be caused by nonuniform characteristics of the surface mate-
rial. The former has been successfully overcome by thorough mixing

of the resin components and by curing under controlled temperature
conditions. This problem can also be greatly alleviated by allowing
the cure to proceed to a point where the surface layer has considerable
local stiffness, prior to draping. This also minimizes show-through

of defects on the substrate surface or the lower surface of the skin,
such as air bubbles, dirt particles, or irregularities in the substrate
surface, By choosing the proper time for draping, the surface layer
will be sufficiently flexible to conform to the overall substrate geom-
etry but yet locally stiff enough to bridge small-scale defects without
serious show-through.

The problem of non-uniform adhesive thickness

can best be overcome by:
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1. Use of a thin adhesive layer
2. Use of a slow curing and low viscosity adhesive

3. Use of a resilient adhesive

The problem of adhesive uniformity is of small consequence if the
master surface layer is cast as a single-piece skin., In this case,
very little adhesion is required between the surface layer and a sub-
strate. The surface layer can be maintained in contact with the sub-
strate by a mechanical locking ring at the edge. If the surface layer
is made in sections some additional adhesive strength is required to
keep the individual sections from peeling away from the substrate sur-
face because of residual stresses. Even so, the large bonding area
and the relative thinness of the plastic skin indicate that relatively
little adhesive strength is required. In model tests at EOS, surface
skins have been firmly attached by such resilient adhesives as RTV
silicone rubber.

For the sectioned master surface, careful
control of adhesive thickness will be required primarily near the edges
of the sections in order that adjacent sections can be smoothly joined
without a discontinuity in surface curvature. The actual joint is a
fillet between the sections cast of the same plastic material from
which the skins are cast. This joint would be cast in place using a
flexible, conforming, polished tool, which also provides positive

alignment between the adjoining sections.

4.1.4 Spin Casting

In Section 4.1.2 a process, blade grinding, was

described which generates a paraboloid of revolution automatically

through the use of the inherent properties of the paraboloidal geometry.

This section describes the spin casting process, which uses another

natural phenomenon to generate a paraboloid of revolution.

55



4.1.4.1 Process Description

If a partially filled container of liquid is
rotated about a vertical axis, the free surface of the liquid, under
the combined influence of gravitation and centrifugal forces, will
form a paraboloid of revolution. The focal length of the paraboloid
is determined only by the local gravitational attraction and the
speed of revolution. It is in no way a function of the physical pro-
perties of the liquid, 1If a liquid is caused to solidify while
rotating, a permanent paraboloidal surface can be formed. In order
that this surface be an accurate paraboloid and be free from surface

defects, several requirements must be met:

1. The liquid must be one that solidifies by becoming increasing-
ly more viscous (rather than by having a definite freezing
point) and that undergoes a very small volume change between
the liquid and solid phases. Epoxy plastic resins seem to
meet these requirements sufficiently to be of interest for
collector masters,

2. During the casting operation, the rotational speed must be
held constant with extreme accuracy (within one part in 104).

3. The rotating mechanism must be extremely free from vibration,
particularly that of a periodic nature.

4. The casting must be done in a dust-free atmosphere to prevent
dust particles from settling on the surface, causing defects.
Better results are obtained by enclosing the rotating vessel,
to prevent air currents from rippling the surface.

5. Long-term, low-temperature curing of the plastic appears to
be essential to maintain low exotherm and low shrinkage during
cure.

The process described above is amenable only to the formation of concave

surfaces. This means that an additional convex master (called a sub-

master) must be made from the concave surface prior to making the final
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mirror. The general steps in making this submaster are similar to
those described later for making electroformed mirrors. After the
convex master has been electroformed and parted from the original
concave plastic master, the parting layer is removed from the nickel
surface. From this point on, the process is similar to that followed
when using masters made by any of the other three processes. Fabri-
cation of the submaster poses some difficult engineering problems.
The original concave plastic master must have an extremely rigid
structure to prevent vibration from degrading the plastic surface
during cure. The convex submaster must also have a rigid structure
to withstand subsequent handling and plating stresses. Accuracy con-
siderations require that this rigid structure be attached to the elec-
troformed nickel shell (which forms the surface of the submaster)
before removal of that shell from the concave original master. Thus,
the parting operation is extremely difficult because the two large,
rigid structures are in intimate contact over a large area. So far,
no way has been found to separate these two components without de-
stroying the original plastic master. This means that each plastic

master can be used only once.

4.1.4.2 Current Status

The spin casting process has been known for

many years. An astronomical telescope was made as early as 1909 using
a primary mirror formed of a rotating pan of mercury. It was suggested
many years ago that if a suitable hardening material could be rotated
in this fashion a permanent paraboloid could be formed. With the
development of modern epoxy resins, this process became a reality.

Many organizations have investigated the spin casting process for
making parabolic mirrors. The main effort on large paraboloids that
would be potentially suitable for solar collector masters has been

done by the Kennedy Antenna Division of the Electronic Specialty

Company and by General Electric. Under a NASA contract (administered
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by Jet Propulsion Laboratory) GE has made a 9.5~foot diameter spin-cast
master from which a convex electroformed nickel submaster and a proof
mirror were subsequently replicated. It is understood that the original
master was tested and found to be accurate within two minutes of arc.
Although detailed test data are not yet available, preliminary tests
indicate that the final mirror is considerably less accurate. However,
it is not known whether the loss of accuracy occurred during fabrication
of the submaster, the mirror, or whether the mirror was damaged in
shipment to the West Coast. The submaster was parted from the plastic
original by deliberately destroying the latter using thermal shock

from cold nitrogen gas. Thus, the original is no longer available for

test or comparison with the final mirror.

4.1.4.3 Accuracy Considerations

The accuracy of spin casting is affected by
many factors including:
1. Speed control of spin table
2, Vibration environment
3. Curing characteristics of plastic
4, Cleanliness of atmosphere next to plastic surface
5. Freedom from wind rippling

6. Uniformity of plastic thickness

It is impossible to evaluate these effects in any way other than experi-
mentally. The first plastic layer is seldom acceptably accurate because
of the nonuniform thickness of the plastic surface layer. The curing
shinkage then causes surface distortion because of differential contrac-
tion. By building up several layers this distortion usually can be re-
duced to an acceptable level.

The only estimate which can be placed on the
obtainable surface accuracy of spin casting is that original masters
having accuracies in the order of two minutes of arc have been made.
These accuracies are roughly equivalent to those obtainable by other

techniques.
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4,1.5 Comparative Evaluation and Recommendations

Some of the relative advantages and disadvantages of

the four master fabrication processes are summarized in this section.

4,1.5.1 Cost

Template machining, blade grinding, and the
plastic overlay process produce convex masters directly. A schematic
process sequence for blade grinding is shown in Fig. 4-6. The spin
casting process produces a concave original master, which must be
replicated to produce a convex nickel submaster as shown in Fig. 4-7.
Based on the reasonable assumption that the cost of generating the
initial surface, including generating machinery, foundations, etc.,
would be roughly comparable for the processes, the extra step of rep-
licating the submaster would make the spin casting process more ex-
pensive, overall. However, it is possible that a portion of the
tooling needed for spin casting may already be available at one of
the companies doing this kind of work.

Other cost considerations are mentioned in
the discussion of repairability (Subsection 4.1,5.5) and transportation

(Subsection 4.1.5.6).

4.1.5.2 Accuracy

If it is also assumed that the accuracy and
surface quality of the original surface are similar for the four

processes, then the extra replication required for the spin casting

process would potentially give a less accurate final mirror. However,
the actual accuracy loss may be insignificantly small.

The accuracy to be expected from each of the
four processes has not been conclusively demonstrated. Surfaces accurate
within one or two minutes of arc have been made by each process, except
the template machining process. However, it is quite likely that this
accuracy can be achieved in the latter process with relatively minor

improvements. The first 9.5-foot diameter mirror made using the spin
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casting process was much less accurate than the original spin casting.
Additional work is now being performed to ascertain whether the problems
of the first 9.5-foot collector were caused by techniques or are inherent

. *
in the process.

4.1.5.3 Surface Finish and Accuracy

Best specularity (and highest reflectance)
should be obtainable from the plastic overlay process. Samples made
so far have had surface finishes equivalent to that of ground and
polished glass. The reflectances obtainable from the other three
processes may be somewhat lower because of the orange peel sometimes
found on spin cast surfaces and the sleeks (microscopic scratches)

inherent in polished plastic surfaces.

4.1.5.4 Mirror Parting

Experimental evidence at EOS indicates that the
adherence of electroformed nickel to plastic masters is much less than
to nickel masters. This is important considering the relative weakness

of the shell structure to compressive buckling.

4.1.5.5 Repairability

Local damage or overall surface degradation can
be repaired easily either by the template machining or plastic overlay
processes, using the same methods that were used to finish or form the
original surface. Repair can also be done by blade grinding, but the
entire surface must be refinished even to effect a local repair. (How-
ever, small local repairs could be refinished by hand). The spin casting
process does not lend itself to repair. Only very minor local damage of
the nickel submaster can be repaired and this must be done by hand

finishing techmniques. Nickel is a difficult material to polish, and

*For a more complete assessment of the spin casting process, contact
General Electric, Valley Forge, Pennsylvania.
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overall refinishing is not feasible. Since the problem of separating the
submaster from the concave original has not yet been solved without de-
stroying the original, the entire process must be repeated from the be-
ginning should the nickel submaster be damaged or degraded beyond accept-
ability.

The implications of this in terms of total pro-

gram costs are evident.

4.1.5.6 Handling and Transportation

The handling and transportation problems for the
four processes are roughly equivalent unless, in the case of spincasting,
it is necessary to transport the submaster. This would be necessary un-
less the entire mirror fabrication process, from the original spincasting
through final mirror assembly, is performed in the same facility. Trans-
portation of the lightweight replica mirror is difficult enough, although
feasible. Moving the equally bulky but much heavier masters might be an
insuperable problem depending on the particular route to be traveled and
on the availability of aircraft. It is unlikely that either the heli-
copter or the blimp would be c;pable of carrying the masters. Trans-

portation of the masters would increase program cost significantly.

4,1.5.7 Tooling Requirements

The spincasting turntable requires precise bear-
ings and a very accurate speed control (1 in lO4 accuracy). Provision
must be made to protect the plastic layer from atmospheric dust and wind.
The machine must be vibration free. Template machining requires high
mechanical precision and freedom from vibration but does not require
precise speed control. The blade grinding mechanism must be massive but
does not require great precision. A moderate amount of vibration is not
detrimental. Normal lab cleanliness is adequate for template machining
or blade grinding.

The plastic overlay process requires careful

control of surface layer thickness.
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4.1.5.8 Recommendations

Based on the above considerations, the spin-
casting process is presently considered less desirable than the other
three approaches. Although any of the other three processes will
probably result in a satisfactory mirror, it now appears that the
best combination of accuracy, specularity, and low total cost may be
achieved with the plastic overlay process using either the template
machining or blade grinding process for generating the substrate

geometry.
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4,2 Mirror Plating Equipment

The large scale of the 30-foot collector will require soﬁe
lating techniques which are somewhat different from conventional
ractice for smaller parts. However, most of these techniques have
1lready been developed at EOS in connection with another program for

2lectroforming large segments of unfurlable solar collectors.

4.2,1 Plating Tank

For electroforming large structures, EOS has developed

a technique of using the master as the bottom of the plating tank.

For the Brayton cycle collector master, the tank sides will consist of
a removable cylindrical wall (or a conforming top shell) which is only
put in place for the actual plating operation (Fig. 4-8). Master
preparation before plating, as well as post plating operations, are
conducted with the tank wall removed. This approach has two advantages.
It eliminates the necessity of moving the master and it reduces the
required amount of plating solution. A schematic diagram of the
master/tank construction is shown in Fig. 4-8. The detail illustrates
a method of sealing the wall using an inflatable gasket., This tech-
nique was worked out under a previous program for plating trapezoidal-
shaped mirror segments.

A water passage is provided just beneath the upper
steel shell of the master structure to maintain the master at a con-
stant temperature. Baffles (not shown in Fig. 4-8) will be provided
to assure good circulation of the water. The water passage can also
be used, if necessary, for hydrostatic balancing to offset the weight
of the plating solution. 1In this case, the main load would be borne
by the shell beneath the water passage. Nonuniform deflections of
this shell caused by the truss structure underneath Qould not cause
distortion of the upper shell,.

This same tank arrangement will also be used for plating
the torus and the joint between the skin and torus. For the latter
operation, the master surface will be covered by a protective plastic

sheet.
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4.2.2 Fluid Storage and Treatment

Except during plating, the fluid will be stored in
a separate tank where it will be continuously filtered and treated.
Figure 4-9 illustrates a schematic layout of the plating fluid
circulation system. Between plating operations, the valves (V1)
are turned so that the fluid passes out of the storage tank through
the filter pumps (FPl) and back to the storage tank. During plating,
valves (V1) are turned so that the fluid passes out of the storage
tank, through filter pumps (FPl) and into the plating tank. The
desired fluid level in the plating tank is maintained by the control
valve (V2) and the scavenging pump (FP2). Multiple inlets to the
plating tank are provided to increase the agitation of the plating
solution near the master surface. Additional agitation will be
provided by propellor-type stirrers in the plating tank.

Plating solution will be maintained at the desired
plating temperature in the storage tank. The plating temperature
will be thermostatically controlled using sensors placed in the
solution near the master. In this way, no heating of the solution
in the plating tank is required.

An inventory of approximately 20,000 gallons of
solution will be required assuming a depth of one foot at the center
of the master. This inventory can be reduced considerably by using
a conforming upper shell on the plating tank (Fig. 4-8). For example,
with a conforming shell placed two feet above the mirror surface, the
fluid inventory could be reduced to less than 14,000 gallons. Assuming
that the full 20,000 gallons of inventory is required, the storage

tank would be approximately 20 feet square and 9.5 feet deep.

4.2.3 Power Supply

The power requirements for mirror plating are deter-
mined by the mirror area and a chosen set of plating parameters. These
parameters are governed in turn by desired plating rate, stress condi-

tion in plated shell, and allowable bath temperature. The choice of
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conditions for the 30-foot collector is explained in Section 4.3.3. It
is shown that the optimum plating current density is 7 to 10 amps/ft2
at a maximum potential of 15 volts. Assuming that the total area to
be plated may be as much as 32 feet diameter, the area will be approx-
imately 1000 square feet (including an allowance for the surface curv-
ature). Thus, a total curredi of 7,000 to 10,000 amps must be supplied.
The power is dc supplied by standard industrial plating
rectifiers, which are available in any required size. The efficiency
of these units is about 75 percent. Thus, the total power requirement
will be from 140 to 200 kw. Lesser power levels are required for
plating the torus and the plated joint between the skin and the torus.

This can be supplied by the same equipment.

4.2.4 Anodes
The mirror skin will be plated using an array of flat

sheet nickel anodes arranged as a conforming shell at an average
distance of approximately one foot from the surface. The anodes are
enclosed in linen bags to prevent foreigh particles from falling on

the mirror surface as the anodes are etched away. The anode surface
area should be at least equal to the area to be plated, for good plating
efficiency. Special anode arrays will be used for plating the torus

and the joint between the skin and torus.

4.3 Mirror Fabrication

The EOS mirror concept is very simple, involving only a torus
with brackets, a mirror skin, and suitable coatings. The fabrication

and assembly of these elements will be discussed in order.

4.3.1 Torus Fabrication

4.3.1.1 Nickel Torus

The electroformed nickel torus is made by
plating on a prepared aluminum mandrel. The mandrel is then dissolved
out leaving the hollow nickel shell. The aluminum mandrel is made by

welding a skirt on a circular cross section aluminum tube. The welds
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are dressed and the tube is rolled to the proper torus curvature.

The sections are cut to the lengths between brackets. The brackets
are made with a short tapered tubular extension which extends into
the torus sections with a smoothly faired joint. The various torus
sections and brackets are aligned and a nickel shell of the desired
thickness is plated onto the mandrel. %he nickel skin encapsulates
the tubular extensions on the brackets, forming a permanent joint.

A row of holes for the electroformed rivets are drilled through the
torus (see Fig. 4-10). The torus is then placed in the etching tank,
which contains a dilute solution of hydrochloric acid. This solution
is circulated through the torus until the aluminum mandrel is etched
out. For this process, the brackets must be made of some material
other than aluminum. If aluminum brackets are to be used, an alter-
nate process can be followed in which the brackets are mounted in the

torus after it is plated and etched.

4.3.1.2 Titanium Torus

The titanium torus will be assembled in a
manner similar to that for the aluminum mandrel of the nickel torus.
The torus sections will be formed, rolled to shape, cut to length,
and welded to the brackets. Depending on the particular bracket
design, it may be possible to roll the torus into a complete tube

and insert the brackets in cutouts in the torus.

4.3.2 Master Preparation

The first step in master preparation is the casting
of the edge radius mandrel. The mandrel is cast of wax using the
already-prepared torus as a mold to insure good mating of the torus
to the plated skin. Figure 4-10 shows the sequence of steps in forming
the mandrel, plating the skin, and attaching the torus. First, the
torus is covered with a layer of tape approximately the same thickness
as that expected for the mirror skin. Next, the torus is carefully

placed on the master, concentric with the optical axis, and its position
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is marked. A dam is then placed on the master surface a short distance
outside the torus. Any gaps between the torus and the master are

sealed with tape. Melted wax is poured between the torus and the dam
and allowed to harden. The torus is then removed. The curvature of

the wax mandrel is smoothly faired with the master surface. The portion
of the mandrel to be plated is overcoated with a layer of conductive
silver paint. If a central torus is to be used, a similar mandrel is
placed near the center of the master.

The entire master surface is then carefully washed
with a mild detergent solution, followed by a distilled water rinse
and rapid drying to prevent water marks.

Immediately after the master is cleaned, it is made
electrically conductive by a chemically-deposited coating of metallic
silver. The silver is reduced by formaldehyde from a silver nitrate
solution. The silver nitrate solution and formaldehyde are stored in
separate containers and are simultaneously mixed and sprayed on the
master surface using a 2-head spray gun. The solutions atomize, mix
in the air, and fall upon the master surface leaving a coating of pure
metallic silver. When the coating becomes opaque, it will have a thick-
ness of approximately 600 2 (approximately 1/10 wavelength of visible
light). Coating thickness is not at all critical. If the silver
coating is to be used as the mirror reflecting layer, the surface which
was next to the master will be the reflecting surface. Therefore,
thickness variations in the coating would have no effect on optical
accuracy. However, even if the silver were to be removed, errors in
the nickel surface resulting from a thickness variation in the original
silver layer would be trivially small. Even if the coating thickness
could not be controlled to better than a factor of 10 (say from 600 to
6000 X) the resulting deformation would only be 1/2 micron, which is

completely negligible.
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4.3.3 Plating of Mirror Skin
4.3.3.1 Choice of Plating Conditions

Values must be chosen for several plating
parameters prior to designing the plating equipment and specifying
the plating procedure. Among the most important of these parameters
are current density, bath temperature, and bath composition. Taken
together, these parameters control the deposition rate and the stress
conditions in the deposited skin. The current density should be as
low a value as possible (consistent with other requirements) to reduce
the total power requirement when plating this large structure. Depo-
sition rate is not important because of the moderate skin thickness.
The bath temperature should also be fairly low because of the neces-
sity of maintaining the master at the bath temperature throughout the
fabrication and plating sequence in order to minimize thermal stressing.
Figure 4-11 shows a typical stress curve for a nickel sulfamate plating
solution at 100°F. These stress values are in arbitrary units. The
zero stress point is at approximately 7 amps per ft2. Although this
stress curve has a fairly deep slope, flatter and more desirable stress
curves can be produced by changing the bath composition slightly through
the addition of stress-reducing agenﬁs. The physical properties of the
deposited skin are inferior if plated at temperatures much below 100°F .
For purposes of this discussion, a bath temperature of 100°F and a

current density of 7 to 10 amps per ft2 are satisfactory.

4.3.3.2 Plating Procedure

First, power supply leads will be attached
to the master. The electrical connection to the silver sensitizing
layer will be beneath the inner and outer edge radius mandrels. Next,
the tank sides are attached and sealed and the anode array is lowered
into place. The plating solution is then pumped into the plating tank.
A voltage is applied sufficient to initiate plating at a small percent-

age of the steady state current density. The current is gradually
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brought up to the full value in 15 to 30 minutes. If the current is
increased too rapidly, the initial thin layer of nickel will not be
able to carry the current, and the lead attachments will burn. Plating
continues until the desired thickness of nickel has been deposited.

The thickness is related to the following plating parameters:
Skin Thickness ~ (Current Density)(Plating Time)(Bath Efficiency)

The bath efficiency is known approximately for mirror configurations
of this type, but it must be confirmed experimentally for this partic-
ular configuration. This will be done by plating a few test skins
prior to attempting to make a complete mirror. The test skins will

be sectioned, and thickness profiles will be plotted to determine both
plating rate and thickness uniformity.

If necessary the anode array configuration
will be altered to give a better thickness distribution. When the
desired thickness has been built up, the power is shut off and the
scavenging pumps (FP2, Fig. 4-9) drain the fluid from the plating
tank. After the solution has been drained, the anode array is lifted
and the skin is washed with water to remove residual traces of plating
solution.

Next, the edge mandrels are removed along
with any traces of wax or silver paint. The skin is now ready for the

attachment of the torus.

4.3.4 Torus Attachment

The prepared nickel or titanium torus is lowered into
place so that it fits inside the upturned edge on the mirror skin, as
shown in Fig. 4-10. The edge of the skin is tapered (or a fillet of
wax or plastic is placed between the edge of the mirror skin and the
side of the torus) in order to provide a smooth transition between the
skin and the torus. If this joint is not smooth, it will be extremely
weak because of a cleavage in the crystal structure emanating from the

inside corner of the joint.
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Thickness can and has been easily controlled to 5%
over large structures. Maximum optical errors, due to electroforming
variations, of less than 30 seconds can be reasonably expected from
experience.

Since the actual torus was used to case the edge man-
drel, an excellent fit will be obtained with no large gaps to bridge.

A series of holes is now drilled through the upturned edge of the skin
and the torus (a ring of holes has already been placed in the torus
above the mirror skin edge). All portions of the torus which are not

to be plated when forming the joint are covered with plastic tape. The
mirror skin is covered with a large plastic sheet taped in place at the
edges. The area of torus and skin on which the joint is to be placed is
now carefully cleaned. The tank sides and the anodes are put in place,
and the joint between the skin and torus is plated in the same manner as
was the original mirror skin.

Essentially the same procedure is used for both an
outer and inner torus if both are incorporated in the collector design.

After plating is completed, the solution is removed and
the plated area is washed. The tape and any other plating inhibitors are
removed. The mirror is now ready for parting.

4.3.5 Parting of Mirror From Master

An advantage of the plastic surfaced master is that the
adherence of the electroformed nickel skin is very slight. Parting is
accomplished by the use of mechanical force, air pressure, and differen-
tial thermal expansion. The master handling fixture (see Section 4.5) is
attached to the inner and outer tori. Flexible seals are placed between
the tori (both inner and outer) and the master surface. The mirror is
then gently lifted using the mirror handling fixtures, as the air pres-
sure is increased between the mirror and the master. In this way, the
parting line will move across the surface of the master starting both at
the outer and inner radii. If any difficulty is encountered in advancing
the parting line, local differential thermal expansion is used by heating
the surface with a hot air gun. After the mirror has been separated from

the master, the air seals are removed to complete the parting operation.
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4.3.6 Coatings
4.3.6.1 Reflective Coatings

Immediately after the mirror has been
removed from the master, the surface is flushed with a mild solution
of detergent in distilled water and finally rinsed with distilled
water to remove any residual traces of plating solution. If the
silver is to be used as the final reflective layer, the mirror is
now complete except for application of protective coatings, if any.

If the mirror is to be vacuum coated, the
silver is first removed using a proprietary EOS technique which takes
off the silver without damaging the nickel substrate. The mirror
will then be placed in a suitable coating chamber and coated with

the following vacuum-deposited layers:

Coating Thickness
(Nickel substrate)
Chromium 200 & + 100 %
Silicon monoxide 2500 & + 250 2
Aluminum 1000 & + 200 R
Silicon monoxide 2500 & + 250 & (optional)

If the mirror is to be transported to another facility for application
of the vacuum-deposited surface layers, it will be placed in a box or
plastic bag with a clean dry nitrogen atmosphere to protect the nickel

surface.

4.3.6.2 Protective Coatings

Three kinds of protective coatings are being
considered for silvered mirrors:
1. Strippable plastic (removed before launch)
2. Photolyzable film (evaporates in space)
3. Amino silane (permanent)
The strippable plastic coatings are of the cellulose acetate type and

are applied by spraying. The photolyzable film can also be applied by

17



spraying. It may be possible to do limited mirror testing with the
strippable coatings or the photolyzable film. The amino silane
coating is applied from a hydrocarbon solution in very thin

layers. It offers specific protection for silver and should not affect
optical characteristics. However, further tests are required before

this coating can be fully evaluated.

4.4 Testing
Both the optical and structural testing of the full-scale

collector can be accomplished in a manner similar to that developed
for smaller mirrors. The particular tests to be run depend on the
type of test data required for system design and development. For
that reason, the tests will not be detailed here.

It is expected that the primary optical and performance
testing will center around Hartman and the calorimetric evaluation
of development mirrors. Several solar test facilities are available
in the United States for testing mirrors as large as or larger than
30-feet diameter. Other than protecting the mirror against surface
degradation and excessive wind loading, no problems are seen in ground

testing.
The structural tests will probably include at least:
1, Static spring rate tests

2. Static buckling tests

3. Vibration tests - mechanical and acoustical

The size of the unit may pose problems in performing acceleration,
shock, or acoustic noise tests. Some thermal testing can be accom-
plished during the solar tests. Temperature gradients can be induced

by heat lamps placed behind and about the periphery of the structure.

4.5 Handling and Storage

The major handling problems arise from:

1. The large size of the structure
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2. The susceptibility to damage from local impact
3. The necessity of protecting the reflective surface from dirt
and corrosive agents

The problems in handling the large mirror are most severe when moving
it from one facility to another. These are discussed in more detail
in Section 4.6, Transportation. Within the manufacturing facility,
no severe handling problems are expected. All required movement of
the mirror can be accomplished by normal industrial procedures.

The problems of protecting the mirror against local impact
and surface damage are more severe. For this reason, a special
handling and storage container will be constructed to protect the
mirror during all handling operations. This container consists of
a framework having attachments to the mirror and external handling
points. The front and rear surfaces of the mirror are protected by
removable covers. The rear cover will conform to the mirror shape.
The covers will be made in self-interlocking sections of plastic
reinforced fiberglass for maximum impact protection.

Except for special test purposes, the mirror will never be
left unprotected at any time during the normal manufacture, handling,
testing, or storage operations.

Normal storage procedures will be adequate. TIf the mirror
is coated with silver, the surface must either be provided with a
permanent or removable protective coating or the atmosphere in the
storage container must be maintained free from sulfide contaminants.
The latter is easily accomplished by providing the box with a moder-
ately good seal and by purging with dry nitrogen. In addition, the
box can be lined with a special lead acetate impregnated paper which
absorbs sulfides. The special handling and storage container will be

designed to protect the mirror during long-term storage.

4.6 Transportation

The large bulk of the 30-foot diameter mirror, when mounted

in its handling and storage container, makes normal surface transportation
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methods rathef cumbersome. Transportation over the public streets is
probably possible for short distances but would require a special
escort. However, there are four methods of short distance and long
distance transportation which appear to be either practical or worthy

of serious consideration.

4.6.1 Helicopter

Inquiries were placed with companies speciglizing in
helicopter handling and construction work regarding the feasibility
of transporting the 30-foot collector by this means. The larger
helicopters are capable of transporting this size mirror, mounted in
its protective container. The helicopter provides probably the most
convenient short-distance transportation method, particularly within
the city. Transcontinental transportation of the mirror by helicopter
also appears worthy of consideration. The cost, although not negli-

gible, does not seem out of proportion to other program costs.

4.6.2 Ship or Barge

Transporting the collector by ship or barge is feas-
ible. However, there are some disadvantages, including:
1. Long shipping time
2., Danger of corrosion from sea atmosphere
3. Difficulty of controlling handling procedures
The corrosion problem should be avoidable by careful design and sealing

of the shipping container.

4.6.3 Air Ship
Lighter-than-air craft such as blimps would seem to be

ideally suited for transporting bulky, delicate structures such as the
Brayton cycle collector. An inquiry was placed with the Goodyear
Aircraft Corporation in this regard. Goodyear indicated that they
presently have no blimps which are suitable for transporting structures
of this size. Since the Navy has control of larger blimps, an inquiry

to the appropriate Navy authority could possibly provide a suitable craft.
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4.6.4 Airplane
No conventional transport aircraft is nearly large

enough to carry the 30-foot Brayton cycle collector. However, Aero
Spacelines, Inc., builder of the Pregnant Guppy, has obtained options
to buy two English-built Saunders-Roe Princess flying boats which
would be converted into turbo-fén powered, land-based aircraft to
haul Saturn rocket stages. This airplane could carry rocket stages
up to 33 feet diameter and 82 feet long. It could easily accommodate
one or several of the 30-foot diameter collectors. If any planes of
this type are built, they would provide a ready solution to the
collector transportation problem.

It might also be possible to build a special shipping

container which could be slung beneath the fuselage of a large airplane.
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5. EFFICIENCY

The electrical power output of the Brayton cycle power system is
proportional to the collector-absorber efficiency. Collector-absorber
efficiency is the net power absorbed by the cavity absorber (exclusive
of the cavity heat losses other than losses through the cavity aper-
ture) divided by the gross power that could be intercepted by an
unobstructed collector. For missions that are power limited or that
have high-power requirements, efficiency is probably the most impor-
tant system evaluation criterion.

A collector-absorber efficiency of greater than 75 percent,
inclusive of all absorber heat losses, is desirable for as large a
range of misorientations as possible. Many efficiency losses are
unavoidable, although some losses can be regulated. Therefore, it is
imperative that those efficiency losses that can be minimized receive
particular attention. A detailed discussion of efficiency losses

follows.

5.1 Collector Obscuration

All collector-absorber efficiency values calculated in this
report were based on an assumed collector obscuration of 6 percent.
This value was derived from preliminary structural details provided
by NASA, Lewis. Figure 5-1 shows various obscuration losses based on
later data for the probable extremes in cavity obscuration and on two
different structural designs. The obscuration for these cases ranges
from 6.2 to 7.2 percent. These calculations are based only on the
effects of two dimensional obscuration. This assumes that the sun is
a point source, perfectly oriented. Additional obscuration can occur

because of misorientation effects and the finite solar disc.
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The width of any obscured area on the mirror due to the
radiator will be a maximum of ftan B =~ £8 where g is the distance
from the collector rim to the top of the radiator and 8 is the mis-
orientation amngle.

For a perfectly oriented mirror a ray from the edge of the
sun, corresponding to a ray misoriented 16 minutes or 0.267 degrees
from the optical axis, would be obscured in the extreme case from the
area (R;O.87) inches where Rr is the internal radius of the radiator.
Initial increments of misorientation will obscure the collector area
at the rate of 0.04 percent of the total area per minute of misorienta-
tiom.

The lost rim area due to misorientation effects is comsistent
with the rim area lost due to the collector shell-torus joint and the

radiator-collector nesting tolerances.

5.2 Reflective Coating

Important considerations for a reflective coating are:
1. Reflectance
2. Application
3. Preorbit and orbital environmental resistance.

Silver has the highest reflectance of any single metallic
coating. Figure 5-2 shows a reflectance comparison among silver,
aluminum, and silicon monoxide protected aluminum over the solar spec-
trum. Laboratory deposited silver coatings have achieved reflectances
between 94 and 95 percent averaged over the solar spectrum. However,
for practical purposes a 91 percent reflectance is a reasonable value
to be expected in production.

Figure 5-3 shows the effect of reflectance on collector-
absorber efficiency based on an 80.5 percent efficiency for a 91 per-
cent reflective silver coating. In this comparison, practical reflect-
ance values of 88 percent for aluminum and 85 percent for silicon

monoxide protected aluminum are used. Though the practical reflectance
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values for aluminum and silver are about 2 percent to 4 percent lower
than the theoretical reflectance values, these values are based on
actual collector tests. On two-foot and five-foot solar collectors
EOS has achieved cold calorimeter, unobscured efficiencies of 91 per-
cent using chemically deposited silver. Aluminum coated five-foot
collectors have never exceeded a cold calorimeter unobscured effi-
ciency of 88 percent. For practical purposes the collector surface
reflectance is equal to the maximum efficiency achieved under cold
calorimeter testing (using a large aperture) with no obscuration.
Chemically deposited silver is the recommended coating for the Brayton
cycle collector because of its significant performance advantage.
Extensive experience with the use of silver at EOS indicates that
silver is a practical coating for large collectors. However, if for
some unforeseen reason silver proves unsatisfactory, aluminum or Al/SiO
can be applied to the collector by vacuum deposition. The methods of
applying silver or other coatings to collector surfaces are discussed
in the manufacturing section (4.3.7). The durability of these coat-
ings before launch and in space is discussed in the Reliability Sec-

tion 7.0.

5.3 Optimum Collector Rim Angle

For a given collector diameter various factors affect the
choice of the optimum collector rim angle. These include:
1. Structural integrity of collector shell
2. Total of collector and strut weight
3. Surface error distribution over collectors of different
rim angles, as a function of rim angle
4. Cavity axial misfocus and radial misalignment

Subtended angle of the solar source and limb darkening

effects
6. Thermal errors
7. Angular misorientation as a function of time
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8. Structural errors caused by orbitiﬁg forces
9. Packaging height
For a perfect collector with perfect focus and orientation

when 100 percent of the reflected energy is focused into the cavity
aperture, the maximum collector-absorber efficiency occurs at a 45
degree rim angle. Based on 6 percent obscuration, a reflectance of
91 percent and an absorber temperature of 2110°R, the variation in
total collector-absorber efficiency between a 45 degree rim angle and
a 60 degree rim angle '"perfect" collector as above would be less than
0.4 percent. A comparison of 45 and 60 degree rim angle collectors

is given in Table 5-1I.

TABLE 5-1

COMPARISON OF HIGH AND LOW RIM ANGLE COLLECTORS
TYPIFIED BY 45 AND 60 DEGREE RIM ANGLES

Advantages

45 Degree Rim Angle 60 Degree Rim Angle
Smaller theoretical image More rigidity
Smaller surface area Less shell weight, for the same
rigidity

Low packaging height Shorter and much lighter struts
Less efficiency loss due to: Much less total weight

Axial misfocus Less efficiency loss due to:

Misorientation Random errors

Rim errors Radial misalignment in the

focal plane

The optimization of efficiency as a function of rim angle
is highly dependent on the weighting given to each factor affecting
efficiency. Many factors which affect optical errors can only be
determined by experimental studies of full scale collectors. There-
fore, as a first approximation the collector-absorber efficiency can

be considered as a constant for rim angles between 45 and 60 degrees.
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Under this assumption the optimum rim angle would be a function of
structural integrity, packaging, and weight. For efficiency calcula-
tions a rim angle of 60 degrees was used throughout this analysis.
For analysis purposes consider the figure of merit Klﬂ/w, where Klﬂ
is the system power, T the system efficiency and W the system weight.
K's used in this study are proportionality constants which do not
vary in the analysis. For a constant efficiency only W will change

with rim angle.
W = W +W_ +W
c s p
where WC is the collector weight

WS is the strut weight

WP is the remaining system weight
Since Wp is constant for constant power, the maximum figure of merit,

power
system weight

will occur at minimum WC + WS. Therefore, the optimum rim angle from
a weight standpoint will occur at the point of minimum WC + WS.
WS, strut weight, varies with the allowable strut deflec-

tion, given by

w o= F@W_, W, I, fls)

where IS and zs are the moment of inertia and length of the strut.

Assuming as a first approximation that the collector and
torus weight are comnstant for all rim angles and neglecting the effect
of strut weight on strut deflection, then strut deflection, w, is

given by

These assumptions only understate the total weight at low rim angles.
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For strut weight comparisons the following basic design

was assumed:

design = tubular, tripod
A = 17.3 feet (rim to focal point distance for a
s .
60 degree rim angle)
Do = 5.5 inches (outside diameter of strut)
Di = 5.25 inches (inside diameter of strut)
p = 0.097 1b/in3 (density of strut material)

Strut lengths for other rim angles were calculated from the equation

2 R2

2
¢ = -
s S

)2+R

Where f is the mirror focal length and R is the rim radius. The

tubular moment of inertia was varied by changing Di and keeping DO

constant so that ﬂc a would not be changed by increased strut

obscuration.

must be a constant. Therefore both § and D
s

For a constant deflection w;

1 must change with rim

angle and the strut weight can be calculated for any rim angle, €,

such that ws = 3£S ﬂ(Di - Di)p. A plot of WS vs { 1is shown in
Fig. 5-4. 4
The collector weight for any rim angle can be calculated by

assuming:

1. For constant shell rigidity shell thickness, t, « A,

2. Collector shell weight « tAc

3. Torus weight =« shell weight

4. Collector weight at 60 degrees rim angle = 500 pounds;

Therefore, the weights of collectors of other rim angles having the

same structural strength were determined by assuming the following

relative focal lengths and relative shell areas:
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FIG. 5-4 COLLECTOR WEIGHT, STRUT WEIGHT AND TOTAL WEIGHT AS
A FUNCTION OF RIM ANGLE FOR A 30-FT COLLECTOR
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f A
W, =W L _c L
c’C c,60 f60 Ac,60°

A plot of Wc’g and Wc’g + ws,g vs. { is also shown in Fig.
5~4. This indicates that the minimum weight occurs at a rim angle
greater than 60 degrees.

The radiator height hr now limits the maximum rim angle to
55 degrees for a 30-foot collector. The optimum radiator height for
a 20-foot collector will be considered below.

The paraboloid packaging height, hp’ equals the sagitta,
h:

2

_ _ D
hp = h = 16£

System power is a function of collector area:
P = K, A = ———
s 3 ¢ 4
Radiator area is a function of radiator height and diameter.

Ar = K4 i hr Dr

D ~ D

For equivalent system efficiencies, the ratio of power output to radi-

ating area will be approximately the same, or:

P
s _ ¢ b
A ~K T Ky
r r
transposing
hr = K7 D
but
- D
b 16D(fg)

92



2 i)
[}
w

for constant rim angles, i.e.,
T = K and . . is independent of diameter.

Therefore if the packaging height, hp’ limits the 30-foot
diameter collector rim angle to a maximum of 55 degrees, the rim angle
for the 20~foot diameter collector would also probably be limited to
55 degrees.

The efficiency would have to change appreciably between 45
and 60 degree rim angles to make any difference in the trend of the
power/system weight figure of merit. The term

Klﬂ
(Ws + Wc) + Wp

must be a constant for equivalent figures of merit, where T| a Kﬂc—a

Therefore

M

c-a
W +W + K
s c

10

must be constant. Based on a system weight of 2000 1b, a collector
and strut weight of 700 1b, and a 55 degree rim angle efficiency of
80.5 percent, the following efficiencies would be required to main-

tain a constant power/system weight ratio for the 30-foot collector.

Rim Angle Weight Efficiency Ef%%%éﬁ%ﬁx
55° 2000 1b 80.5% 0.0403 %/1b
50° 2130 1b 85.8% 0.0403 %/1b
450 2300 1b 92.5% 0.0403 %/1b

Since it is theoretically impossible to achieve an effi-

ciency of over 85.5 percent with 6 percent obscuration and 91 percent
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reflectivity even if the efficiency was not constant over the range
of 45 to 55 degrees, the 55 degree rim angle would still have the
best power/system weight ratio.

The use of tapered tubular struts or tapered rectangular
struts of high I and similar cross section could achieve lighter strut
weights for the same deflection and obscuration. Lighter struts would

decrease the advantage of the 55 degree rim angle.

5.4 Computer Analysis Program

When this design study began no one computer program could
adequately handle all the calculations necessary for a detailed
collector-absorber efficiency analysis. Also a detailed analysis of
surface errors of collectors made by various fabrication techniques
was not available. Therefore the decision was made to use an existing
optical ray-trace program with a surface error approximation to generate
efficiency calculations. The choice of the ray-trace program still
appears to be a good one, because of the limited surface error distri-
bution data on actual collectors and the high cost of making an accu-
rate misorientation trace using a more rigorous program which is being
developed. This advanced computer program involving a collector,
cavity absorber and absorber heat exchanger is being developed by the
Aerospace Corporation with the assistance of Dr. George Shrenk, con-
sultant to the Allison Division of General Motors. The collector part
of this program can handle collector-absorber configurations of the
following characteristics:

1. Collectors of any size, shape, or configuration
Orientation errors
Sun of any angular diameter
Limb darkening of the sun
Surface errors due to thermal distortion

Any diameter cavity aperture

~N O BN

Absorber surfaces of any configuration
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Although this program is extremely rigorous, it is based on an assumed
normal distribution of surface mirrors, which is probably invalid, and
requires relatively long computer running time for cases of limb darken-
ing, misorientation, and a combination of both circumferential and
radial errors. For example, one case of misorientation run by Aerospace
Corporation using this collector program took 60 minutes on an IBM 7094
to accumulate 76 percent of the total energy for one cavity aperture
diameter trace. This example was run without corrections for limb darkening.
Adequate corrections for limb darkening might have increased the running
time from 4 to 10 times. Since an accurate analysis of any misorienta-
tion case might require at least three diametric traces, the cost of a
rigorous analysis of one misorientation case, assuming 3 to 4 hours of
computer time at $600.00 an hour, does not seem economically sound for
parametric analysis purposes when the input error data is questionable.
In summary, the EOS ray-trace analysis was found to be more
suitable for economical parametric studies involving many variables.
However, for detailed system design calculations, a rigorous and accu-
rate program, such as that being developed by Aerospace, should be used.

The following subsections summarize the EOS analysis.

5.4.1 Collector Grid

The EOS mirror analysis was based on the IBM 1620 ray-
trace and energy distribution program. This program can handle a total
of 500 rays. To accommodate the limb darkening effects and collector
misorientation the solar disc was represented by ten different angular
misorientations representing the division of the solar disc into ten
areas of equal energy contribution. Therefore, a total of 50 points
maximum was used in each ray trace. These points were equally spaced
on a square grid across the unobstructed collector. Because of symme-
try only 1/2 the collector was traced. 1In practicality, only 48 spots
fit across the aperture, so a total of 480 rays were traced for any

given case.
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5.4.2 Limb Darkening Effects

Using a solar energy distribution defined in Ref. 5-1,
an equation was derived for sdlar radiation intensity as a function of
radius on the solar disc.

The loci of the ten equal energy zones were then con-
verted to a misorientation angle and used with the IBM 1620 ray-trace
program. The ray-trace program is similar to that used in geometric
optics. From the output of the ray-trace program an energy distribu-

tion across the focal plane was calculated.

5.4.3 Representation of Surface Errors

Frequently, for lack of actual data, random Gaussian
error digtributions have been used to represent collector surface errors.
The random Gaussian distribution does not adequately represent:

1. Radial errors at the collector rim joint

2. Circumferential errors at any radial joints or ribs

3. Zonal defects of the mirror
In actual practice it appears that the maximum errors of an electro-
formed mirror are radial at the collector-torus rim joint or due to
zonal defects of the mirror.

A tenth order polynomial error representation was
chosen for mathematical and computer program simplicity. This error
distribution concentrates the errors near the rim and therefore causes
a higher efficiency loss, for any standard deviation error, than an
equivalent random Gaussian error.

Therefore, the tenth order polynomial error distribu-
tion appears conservative but provides a good approximation of the
actual error distribution for electroformed mirrors.

Computer runs were performed on collectors having the

polynomial error terms of 1lx, 2x, 3x and 7.5x (+ 0.18145380 x 10_424 -

0.1569039 x 10 °z° + 0.4414007 x 107 '2° - 0.3999201 x 10'9210), where

z equals %&geet)'
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Based on the grid used in the ray-trace program,
these polynomial error terms correspond to collectors having surface
errors with a standard deviation of 2, 4, 6, and 15 minutes, respec-
tively, and maximum surface errors of 5, 10, 15, and 37-1/2 minutes,
respectively. The computer energy distribution program generated a
table of energy in 5 percent increments as a function of the cavity
aperture radius to encompass a given percentage of total energy. Two
typical curves derived from the energy distribution program are shown
in Figs. 5~5 and 5-6 for cases in which there was a 0, *1.2 and +2.4
inch axial focus shift. ©Note that in Fig. 5-5 and diameter required
to encompass 100 percent of the energy at the focal point, 4.4 inches,
is larger than the theoretical radius, 3.86 inches, because the vignetted
aperture computation program uses points beyond the 30-~foot diameter.
This has the effect of making the collector-absorber efficiencies
conservative by 1/2 percent or less.

The results from these curves were then plotted on Fig.
5-7, which is calculated from blackbody radiation losses, resulting in
a plot of collector-absorber efficiency vs. cavity aperture diameter.
These plots were then used to generate the collector-absorber efficiency

curves presented throughout this report.

5.5 Collector Surface Errors

Collector surface errors can be classified as: microscopic,
macroscopic, and long wave. A collector efficiency cannot be ade-
quately predicted unless each of these surface errors is considered.
Too often one or two of these types of surface errors are disregarded
in the estimation of collector-absorber efficiency. Table 5-II illus-
trates several examples, and measurement techniques, with comments on these
three types of surface errors. Figure 5-8 depicts the effects of each
of these errors. If the microscopic surface errors are disregarded,
the surface reflectance is often overstated. If surface errors char-
acteristic of macroscopic effects on a collector are neglected,the

standard deviation of the collector surface is underestimated.
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1.

2.

3.

Type

Microscopic

Macroscopic

Long Wave

Examples

Sleeks, scratches,
fine scale orange
peel, crazing,
micrometeorite
damage

Backing structure
mark off, gross
orange peel, short
wavelength waviness

Joint edge roll,
master waviness
residual internal
stress, thermal
distortion

TABLE 5-II1
COLLECTOR REFLECTIVE SURFACE ERRORS

Measurement Technique

1.
2.

N

Cold calorimeter,
Extremely accurate
reflectance meas-
urements

rms roughness
measurements

Precise Hartmann or
collimator tests on
a macroscale

Hartmann test
Collimator test
Cold calorimeter

Comments

Difficult to measure
except by calorimetric
performance. (Generally
the difference between
expected reflectance and
maximum cold calorimeter
performance)

Difficult to differ-
entiate by standard
Hartmann or collimator
tests - error affects
the diameter rather than
the locus of the axis of
the reflected light cone

Easy to measure with
Hartmann and collimator
test. Error measured
by the locus of the axis
of the reflected light
cone.
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FIG. 5-8 COLLECTOR REFLECTIVE SURFACE ERRORS
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5.5.1 Microscopic Errors

Microscopic surface errors cause diffuse reflection
which results in a lower effective surface reflectance. These errors
can result from optical polishing techniques, telegraphing of sub-
strate defects, haziness of free-cast plastic surfaces such as occurs
on spuncast masters, or micrometeorite degradation. Microscopic errors
explain the difference between the expected collector reflectance (as
determined from the reflectance of specially prepared coating samples)
and the actual maximum cold calorimeter efficiency of the complete

mirror.

5.5.2 Macroscopic Errors

Macroscopic errors are those which are individually
visible to the unaided eye but which are very small compared with
overall mirror dimensions. They can result from gross polishing
defects, stress concentrations due to backing structure attachment,
or ripples in the surface of plastic spun cast masters. These errors
may easily escape notice in standard Hartmann or collimator tests
because they may be small compared with the Hartmann spot or the
beam from the collimator. These macroscopic errors increase the area
of the reflected cone of light whereas the standard Hartmann test
measures the displacement of the reflected cone center from the theo-
retical image point. As shown in Fig. 5-8 macroscopic errors are
present when product ab is greater than the product a'b' where a

and b, a' and b' are the minor and major axes of the actual and theo-

retical images of the reflected light cone on the focal plane.

5.5.3 Long Wave Errors

Long wave errors are produced by overall collector
fabrication errors, gross master distortion and residual or environ-
mental stresses. These errors can be measured readily by Hartmann or

collimator test methods.
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5.5.4 Surface Error Analysis

Figures 5-9, 5~10, and 5-11 depict the change in col-
lector absorber efficiency as a function of the standard deviation
of surface error for cavity diameters of 8, 9, and 10 inches, respec-
tively. A collector with a o of 6 minutes, 6 percent obscuration,
91 percent reflectance, 0.267 degrees misorientation and a 2110°R
blackbody absorber has a maximum efficiency of 80.5 percent at an
8-inch cavity diameter. Based on previous experience it can be
reasonably expected that an ultimate collector-absorber efficiency
of about 82 percent under the same conditions can be met by reducing
the surface error to a reasonable goal of 1-1/2 minutes, standard
deviation. For a 0.533 degree misorientation of the same mirror the
maximum efficiency would be 76.6 percent at a 10-inch cavity diameter.
Apertures of 8, 9, and 10 inches were used throughout the analysis,
since these diameters cover the probable range of cavity apertures.
The collector-absorber efficiency drops rapidly with increasing mirror
error.

System goals are for a 75 percent collector-absorber
efficiency, inclusive of the 3 to 5 percent cavity insulation losses,
for about 0.25 degrees misorientation. When insulation losses, to-
gether with alignment misfocus, thermal losses and structural losses
(which will be discussed below) are considered, system goals can only
be met by collectors having surface errors less than 6 minutes stand-

ard deviation.

5.6 Misorientation

Figures 5-12, 5-13, and 5-14 show the collector absorber
efficiency for various mirror errors as a function of misorientation
angle for cavity apertures of 8, 9, and 10 inches, respectively.

These figures indicate that up to at least 1/2 degree misorientation the.
more accurate mirrors not only have higher efficiencies but also lose

less efficiency with increasing misorientation angle.
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These figures also demonstrate that accurate collectors have
a wide misorientation tolerance for a given aperture before any effi-
ciency drop occurs or have relatively less efficiency loss for any
given misorientation. Therefore, surface error is a predominant factor
in the reduction in efficiency due to misorientation.

The values for any time-averaged misorientation can be
attained by integrating efficiency as a function of misorientation
angle for any misorientation vs time distribution for a collector of
given surface accuracy. As a rough approximation the collector-absorber
efficiency value at the median misorientation angle will be the maximum

time-averaged collector-absorber efficiency.

5.7 Cavity Absorber Assumptions

Since the Brayton cycle cavity design data was not available
during the study period, the cavity was assumed to be an isothermal
blackbody. Figure 5-15 shows a typical collector-absorber efficiency
curve vs cavity aperture diameter for both a cold calorimeter absorber
and a Brayton cycle absorber cavity. The upper curve depicts the unob-
scured, cold calorimeter efficiency. Below a cavity aperture diameter
of two inches the cold calorimeter efficiency curve has been omitted.
These curves are based on a blackbody cavity absorber.

For the remainder of this report the cavity absorber will be
assumed to be a blackbody radiator.

The effect of a ''gray" body cavity on efficiency is shown in
Fig. 5-16 where collector-absorber efficiency is plotted vs cavity

absorber wall emissivity. This curve was plotted using the following

formula:
N.r e A €,6 oT4
. - m m_1 2 1 ] L (Ref. 5-2)
c-a,g 1 - (1 -96)Q - el) Ay 1 - (@ -8) (1 - el) CH_

The calculated efficiencies for '"gray" body cavity absorbers, assumed

the following:
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2

A1 - aperture area mr
A, - cavity area, constant for all 705 inche32
cases
B - cavity length to aperture radius 21.2
ratio r
- concentration ratio [%]
D - collector diameter 360 inches
€ - cavity emissivity = absorptivity
H, - solar constant 442.7 Btu/hr-ft>
T - intercepted percent of reflected < 94% (6% obscuration)
m energy, varies with r
d =~ cavity aperture diameter computed
by the optical program for a
60° collector
T1 - cavity temperature 2110°R (assumed constant)
- form factor (see Fig. A-3, Ref. 5-2) varies with A /A
B, and cavity shape
ro- collector reflectivity 91%

The above cavity assumptions tend to overestimate the total
efficiency loss due to cavity absorptivity and emissivity effects on the
actual Brayton cycle cavity. Figure 5-16 is based on these assumptions
and illustrates that blackbody assumptions should be investigated fur-
ther. The actual losses will be dependent on realistic design consider-

ations and are expected to be lower than indicated in Fig. 5-16.

5.8 Alignment and Focus

The effects of alignment and focus on collector-absorber

efficiency are shown in Figs. 5-17 and 5-18.

5.8.1 Axial Misfocus

Figure 5-17 depicts the change in collector-absorber
efficiency as a function of axial misfocus for collectors having radial
surface errors of 0, 6, and 15 minutes standard deviation, respectively,
and an 8-inch cavity aperture. These curves indicate that the axial
focus of the cavity aperture within + 0.5 inch will produce a loss in

collector-absorber efficiency of less than 0.2 percent, 1.5 percent,
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and 3.5 percent for collectors having surface errors of 0, 6, and

15 minutes respectively.

5.8.2 Radial Misalignment

Figure 5-18 shows the effect of the radial misalignment
in the focal plane on the collector-absorber efficiency for mirrors
having 0, 6, and 15 minutes standard deviation and an 8-inch cavity
aperture. A radial misalignment of 0.5 inch will decrease the
collector-absorber efficiency less than 1/2 percent for 0, 6, and 15
minute surface errors. Though combined efficiency losses of a misaligned
and misoriented collector are mnot readily calculated, such a case will
probably produce similar efficiency losses over the first 0.5 inch of
misalignment. Therefore, a misalignment tolerance of £0.5 inch is

desirable.

5.9 Thermal Errors

Collector-absorber efficiency is affected by the following

temperature effects:

1. Ambient temperature changes of the collector and collector
struts

2. Thermal gradient across and through the collector shell

3. Differential thermal expansion effects between the rigidizing

torus and collector shell

To determine the transit orbital temperatures on the collector

a computer program was written to include the following thermal sources:

Solar
Earth emission
Earth albedo

Cavity absorber reradiation

[ T U e

Radiator

For simplicity the collector was divided into five different

. o .
areas, one central area and four rim areas 90 apart. Figure 5-19 shows
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the various temperature area locations. The input form factors for
various thermal sources for a 300 mile equatorial orbit are shown in
Figures 5-20, 5-21, and 5-22. The heat transfer equation used, together
with a summary of the constants, emissivities, and absorptivities is
given in Table 5-III. For the temperature calculations of the rim
positions, the form factors were adjusted to take into account the
variations in incidence angle with respect to all the thermal sources.
Figures 5-23, 5-24, 5-25, and 5-26 show the transient temperatures

of various surface points neglecting thermal conduction effects.

Figure 5-27 shows the central collector temperatures for a 22,000
nautical mile orbit. With thermal conduction between the collector
points the plotted temperatures are within +5% Rankine. These analyses
indicate that the collector shell temperatures will range from 344° to
572O Rankine during orbit.

Table 5-IV depicts the steady state maximum temperature which
might be obtained using various combinations of absorptivity and emis-
sivity. A back surface emissivity of 0.9 would require a coating such
as chemically deposited platinum black. The 0.3 emissivity value can
easily be achieved by electroformed nickel. Coatings having an absorp-
tivity and emissivity of 0.1 can be achieved by spraying chemically
deposited silver on the back of the collector surface. A mirror
emissivity of 0.02 is probably more realistic than an emissivity of
0.1 for the temperatures at which the collector operates. This change
in emissivity counts for a maximum change of 89° and a minimum change
of 22°,

Table 5-V shows the difference in torus and collector rim
temperatures which might be achieved for various cases of absorptivity
and emissivity, neglecting conduction effects between the torus and
collector shell. Conduction would reduce the AT by less than 10 percent.
This indicates that with a highly emissive and absorptive coating between
the collector shell rim and torus and low absorptive and emissive coat-
ings on the front of the collector shell and rear of the torus, a tempera-
ture difference of less than 9°F can be achieved between the collector

rim and the collector torus. The desirability of such a low temperature
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_ TABLE 5-111 :
TEMPERATURE EQUATTIONS, ASSUMPTIONS AND CONSTANTS

Equation
T _ K 4 4 .
dn = Ll [ O (gt + &) (Tp = T) + oy BT ()
¢ 12
+-He (Fem (4 e + Feb (@) abe) + AHs abrFrb (@
4 4 4 4
tao F (¢)) + (Fa(¢)Faeaamac) (Ta - Tm)'+Fdamd€d o) (Td - Tm)]
Assumptions and Constants
K;; = orbit time = 0.00443 hr/® and 0.0783 hr/° for 300 and 22,000
360°
nautical miles respectively
K12 = cpt
¢ = 0.11 Btu/1b*oF
p = 46.1 lb/in-ft2
t = (0.0107 in
-8 2 0o 4
o = 0.1713 x 10 Btu/hr-£ft“-°R
F = 1.0
ma
€ = o = = o = o = ¢ = 0.1
m ms me mr ma md
€ T O, T = 0.9
T = T = unknown of the equation
m b
T = O0°R
o
H = 442.,7 Btu/hr-ft2
He = 74.4 Btu/hr-ft2
A = 0.35
Fa = absorber-collector view factor
T = 2110°R
a
Fd = radiator-collector view factor
= (o)
Td 900 R
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TABLE 5-IV
STEADY STATE MAXTMUM COLLECTOR SHELL TEMPERATURE

am ab € € Tm

°R)
0.1 0.9 0.1 0.9 590
0.1 0.3 0.1 0.3 620
0.1 0.1 0.1 0.1 656
0,1 0.9 0.02 0.9 612
0.1 0.3 0.02 0.3 659
0.1 0.1 0.02 0.1 745

Equation:
T = [Hsozm +MHo +F(¢)  Ho ] 1/4
U(em + eb)

See Table 5-III and Fig. 5-21 for unspecified constants
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difference and therefore low back and front surface emissivities and
" absorptivities will be shown in the thermal error analysis below.
Estimated thermal maps derived from the collector surface

points are shown in Figure 5-28, for various orbit positions.

5.9.1 Ambient Temperature Effects

The total change in the ambient temperatures from the
original alignment temperature is less than 260°F under any conditions.
Based on a AT of 260°F the net change in the focal point due to the
change in strut length, mirror expansion, and focal length change is
less than 0.16 inch. As indicated in Section 6.7 this axial misalign-
ment would result in an efficiency loss of less than 1/2 percent.
Localized transient temperature differences on the collector shell will
produce even smaller efficiency losses due to the smaller incremental

AT.

5.9.2 Collector Shell Thermal Gradient

Based on a maximum heat flux of 65 Btu/hr/sq ft, which
is appropriately comservative, considering the 0.09 absorptivity of the
collector for solar and earth albedo radiation and less fér other
radiation, a temperature gradient of less than 0.156°F per inch would
be produced through the collector shell thickness. 1If the moment
resulting from this temperature gradient is not resisted by a moment at
the rim, a maximum error of 0.7 minutes would be produced at the rim.
Such a thermal gradient would create a moment of 0.32 lbs/in per lin-
eal inch at the collector rim. The application of an opposite moment
at the edge of an equivalent sphere (Timoshenko, Ref. 5-3) neglecting
cancellation effects of the thermal moment, would reduce the effective
collector area by as much as 3 to 4 percent due to gross distortions
of the rim edge. The fact that a restorative moment cancels the ther-
mal gradient moment at the edge lowers the distortion area consider-
ably. Reference 5-4 describes a rigorous thermal analysis of a

9.75-foot diameter all-nickel toroidally supported collector. However,
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the results of this analysis are not readily adaptable to a 20- or
30-foot diameter collector because they do not scale with diameter.
A computer solution must be developed. Additional work in the collector
thermal response area should include a computef analysis using this

referenced work.

5.9.3 Differential Thermal Expansion Effects

Differences between the torus temperature and the
integrated shell temperature will result in a differential thermal
expansion between the shell and torus. Assuming an entirely rigid
connection between these two elements, this difference will cause an
edge displacement which would result in shell rim distortions. Using
Timoshenko (Ref. 5-3) for an equivalent spherical cap, the maximum area
that would be affected by a 9° temperature difference would result in
a loss of less than 1.7 percent of the collector area due to gross
distortion. This analysis, based on a rigid torus acting on a spher-
ical cap, is conservative. The edge effects from the thermal gradient
and torus-collector thermal expansion are not additive. In practice
an area less than 2 percent of the total area might be affected by the

thermal gradient and differential thermal expansion.

5.10 Effect of Centrifugal Acceleration

Collector-absorber efficiency can be decreased by the effects

of centrifugal acceleration during orbit on the:

1. Collector absorber struts
2. Torus

3. Collector shell

Since the torus is not completely rigid some efficiency loss
due to the torus distortion may occur depending on the design of the
collector-absorber struts and the rigidizing torus. Efficiency losses
due to the shell distortions exclusive of the torus are negligible.

As a first approximation the orbit acceleration field acting

on the torus can be assumed constant and equal to the acceleration at

the center of the collector or 0.18 g.
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Torus deflections were then calculated assuming that the
total collector weight is uniformly concentrated at the torus and that
the torus deflections can be represented by linear equations. There-
fore, using the super-position of Cases 18 and 19, page 160, Ref. 5-5,
the diametrical deflections of the torus can be calculated for a tripod
support assuming a 120° separation between three struts, with the in-
board strut on the collector-vehicle axis. See Figure 5-1 for a plan
view of both the tripod and quadrapod strut designs.

Assuming that the absolute value of the changes in
perpendicular diameters represents the average diameter change from a
true circle, then the average deflection of the 30-foot torus from a
true torus is 0.035 inch. Using the analysis of angular distortions
of spherical caps represented in Ref. 5-3 and described in Section
5.9, a total maximum loss in surface area would be approximately
2.2 percent due to distortions beyond collector tolerances at the rim.
If at the same time the collector struts rotated 0.035 inches due to
torus deflection, the total collector rotation would.be less than one
minute.

The analysis of the alternate quadrapod design indicates that
there would be no net change in the perpendicular diameters equidistant
between the struts and that the maximum torus deflection would occur
at the strut-torus connection. The maximum deflection can be deter-

mined assuming the following:

o) . .
1. A 90 arc of the torus is a continuous beam
2. Ends of the continuous beam are fixed

3. The deflection force = _S_
/2

Therefore, the deflection, w, equals

3
A
384,\/-2—E1r
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Based on a torus moment of inertia of 0.78 incﬁi
the maximum deflection at the torus-strut point will be 0.012 inches.
The average deviation from a circular torus will be one-fourth of the
maximum deflection or 0.003 inches. By using this average deflection
in the analysis of rim deflections given by Timoshenko, Ref. 5-3,
this average deflection would result in a distortion of less than
0.1 percent of the'toéal'éollector area beyondﬂsurfacé éfrbr’fqleréndes.
A 0.012 inch torus deflection would result in a maximum strut rotation
of 0.5 minute. _ ‘
Therefore, use of the quadrapod instead of the tripod sup-
porting mechanism would reduce the average edge.distortions by a fac-
tor of about 20. The actual distortions will be less ﬁhan the figures
above since the actual torus design has a moment of inertia higher

than 0.78 incﬁe
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6. STRUCTURAL INTEGRITY

The reliability of the Brayton cycle solar collector depends not
only on the environmental resistance of the reflective coating and
substrate but also on the structural resistance of the collector to
environmental forces which tend to cause localized or gross structural
failure.

Although the proposed EOS Brayton cycle collector design, a
paraboloidal shell joined to a rigidizing rim torus, is relatively
simple, the structure is still very complex analytically. 1In this
study the following initial approaches were used to obtain a better
insight into the structural problems:

1. A detailed literature survey was made on the empirical and
analytical treatments of similar thin shell structures.
2. Authorities omn the various environmental aspects of thin

shell structures were consulted. These included:
a. California Institute of Technology:

Dr. C. Babcock on compressive buckling

b. Jet Propulsion Laboratory Structures Group on vibration
and shock

c. Bolt, Beranak and Newman Inc. on acoustics and vibration

d. Mr. Karpenko at UCLA on the general structure problem
3. Previous environmental and structural data on 5-foot diam-

eter paraboloidal collectors were reviewed.
These investigations indicated the following state of the art
for this collector design:
1. Practically no solutions for a paraboloidal shell are avail-
able other than simple membrane analyses.
2. Analyses of most parabolpidal shells are simplified by using
a shallow spherical cap approximation, which is not com-

pletely valid for the collector in question.
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3. Very few experimental data are available for shells of the
size and radius to thickness ratio of the proposed solar
collector.

4. Practically no work has been done on dynamic instability,
even for spherical cap structures.

5. Most shell sclutions either assume a clamped or free edge.
While the torus design closely approximates a clamped edge,
the assumption requires experimental verificationm.

6. Analytically even the most simple dynamic responses of such
a design require detailed computer analysis, and these
responses are generally axisymmetric rather than asymmetric.
In practise the asymmetric responses will probably be dominant.

Despite the lack of extensive analytical and empirical data on
equivalent or related structures, there is a sufficient analytic frame-
work to perform a first attempt at analyzing the structural response
to the envirommental specifications, in Appendix A. This preliminary
analysis will provide a basis of directing further experimental

studies and help correlate similitude model data.

6.1 Structural Materials

As a first choice the one-piece, all-metal structure would
be fabricated from nickel. Therefore the entire structure would have
a matched thermal expansion coefficient. However, if collector weight
is critical, the torus would be made of titanium. Titanium has a
thermal expansion coefficient of 2 x 10_6 in./in./°F less than that
of nickel. This alternate composite structure would require more
sophisticated temperature control than the all-nickel collector to
minimize collector surface distortions caused by differential thermal
expansion.

By using an electroformed shell, the designer can assume
high structural efficiencies because of:

1. Low residual stress

2. Very uniform thicknesses and material properties
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3. High process control
4. Lack of surface imperfections
5. Close control of crystal size
This high.structural efficiency has been demonstrated in
the use of thin shell electroformed cylindrical and spherical models

for static buckling tests (Refs. 6-1 and 6-2).

6.2 Design

The one-pieced toroidally supported all-nickel or titanium-
nickel collector design offers maximum efficiency with good launch
and orbital reliability. The design is simple, involving only one
joint. There are no enclosed cavities to entrap gasses. The design
will now be analyzed with respect to the environmental specifications

in Appendix A.

6.3 Axial Acceleration Effects

6.3.1 Membrane Analysis

For convenience in relating previous structural work
on five-foot diameter collectors the structural calculations were
based on a 61 degree rim angle, 30-foot diameter collector. Structural
elements for the 55 degree rim angle design are appropriately scaled
to maintain the same rigidity as for this 61 degree collector. A
membrane analysis of the collector shell subjected to axial g load-

ing is given below assuming the following constants:

6, = 30° 25! (See diagram next page)

R, = 180 inches (rim radius)

pg = 0.32 1b/in3 (weight density of nickel)

f = 153.6 inches (focal length)

R = 334 inches (radius of curvature)

Ro2
= 2f (1 + 2)

16f

The diagram following depicts the shell loading criteria.
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where q is the unit area shell load:

q =

and 94 and 4, the meridianal and

4 =

I

9

and Rl and R2 the meridianal and

R, =

pgtn

normal components:
q sin ©
~-q cos ©
hoop radii:
2f

cos” B

2f
cos 6

The acceleration in g's is denoted by n.
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From Novozhilov (Ref. 6-3) for a parabolic shell the

meridianal and hoop forces per lineal inch T, and T, are:

1 2
_ _2q¢f[ 1 1 ]
T1 N 3 2 + 1 + cos B
cos ©
2
- - n.1 __cos” 8 ]
TZ 2qf & 3 L+ 1 + cos 8

The meridianal and hoop stresses are respectively:

o = oL
1 t
. .
2t
or
. .2 1
op = -3 e [ 2 T 1T ¥ cos 8
cos ©
_ 2 _cos 8
O2 B 3 Pefn [2 1 + cos 8 ]

Therefore at the apex, 6 = O, these stresses are:
5,(0) = ©,(0) = 49n 1b/in’
For a spherical shell covering the same area and
having the same height the meridianal and hoop stresses are:

1

o = “~Pen Ro 1 + cos ©

1

9 T PER Ry (cos 8- T )

2

Figure 6-1 shows the summary of membrane stresses
for the parabolic shell and the spherical approximation for © from

0 to 300, where 0 is the angle between the collector axis and radius
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of curvature. This figure shows that the spherical approximation to

the parabolic shell is a fairly good approximation and can be used
without significant error. The relatively low stresses per g indicate
that the tensile stresses will be less than 400 lb/sq in. for the
maximum 7g axial acceleration given in the environmental specifications.
However, since the collector shell has a high radius of curvature to
thickness ratio a careful investigation of compressive buckling stresses

is required.

6.3.2 Compressive Buckling Stress

In considering the buckling of the collector sub jected
to a 3g acceleration (the maximum negative acceleration during launch)
along the axis of revolution, it will be assumed that the 3g accelera-

tion is equivalent to an external pressure given by the following,

p = 3got = 0.96t 1b/in?

p<—6'=|so"—>| L
/ 7\ %\=52.7"

where b is the radius of the equivalent spherical shell.

The buckling pressure of a complete spherical shell

under external pressure is given by the following equation,

- = e li)

pcl
J3(1—U2)
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In practice structures never can withstand the
theoretical buckling pressure. Therefore the fraction

P_ = Yeritical buckling factor"

pcr

has been used to represent the experimental or predicted buckling
pressure where p is the experimental buckling pressure. There is

wide scatter in the experimental buckling pressures of spherical and
hemispherical shells. 1In the range of R/t from 500 to 2000, the range
of p/pCl is from 0.10 to 0.33. At an R/t of approximately 85,000 tests
on the Echo I spherical balloon gave values of p/pCl ranging from 0.12
to 0.18, (Ref. 6-4).

If one considers the collector to be a shallow shell,
more experimental and theoretical results are available. The shallow
shell approximation is violated by the collector, but the information
is useful for pointing out trends in the experimental data.

For a shallow spherical shell,
h
= <<
(5] <1
For the collector,
h
(b) = 0.29

The only case of a shallow spherical cap subjected to
external pressure that has received much attention is the case of
clamped edges. For this case the buckling pressure is a complicated

function of a parameter )\ defined as follows,

1/4
r12(l-v2)J b
= vﬁz

>
]

which is

180

X

for the collector.
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All of the shallow shell data reported is for A less
than 30. For values of A greater than 20 the experimental data gives
p/pc1 ranging from 0.20 to 0.70, with the higher values given by the
more carefully manufactured shells.

As corroborated by Dr. Babcock, the best theoretical

analysis now available is Huang's (Ref. 6-5) which gives the following,
P/pCl = 0.86 for large A.

This analysis and related experiments are for the case of clamped edges.
The effect of other boundary conditions is unknown, but one would
expect this effect to be less in the high A range as compared to the
low A range.

With the scarcity of theoretical and experimental data
available, any prediction of the buckling pressure is somewhat in ques-
tion. To more accurately predict this pressure, experimental data in
the range of parameters corresponding to the collector are necessary.

The large scatter in the buckling pressures obtained
from experimental studies can largely be traced to geometric irregu-
larities. 1In general, it can be said that the better the shell the
higher the buckling pressure. From this consideration, one would expect
the buckling pressure for the electroformed collector to be quite high.
This is borme out by the fact that the data for complete spherical
shells, which are hard to manufacture, show low buckling pressures.
However, shallow spherical shells with ratios of radius to thickness
up to 4,000 show high buckling pressures compared to the classical
pressure, 0.60 < p/pCl < 0.86, if the shell is carefully manufactured,
(Ref. 6-2).

Assuming the buckling pressure is given by p/Pcl = 1/3,
which is a logical compromise between the data of Ref. 6-2 and 6-4, the
required thickness would be,

2
P = 3 Py E (R) 3pgt

3./3 (1-v%)
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9.5 x 10_3 inches for a 61° rim angle

t
1l

10.7 x ].0-3 inches for a 55° rim angle

Figure 6-2 shows the number of -g's a collector shell
of thickness t will withstand before buckling for the design P/PCl
ratio and the p/pCl ratios suggested by the work in Ref. 6-2 and 6-4.
Figure 6-3 lists the critical buckling pressure as a function of t,
collector thickness,for the same p/pC1 ratios. Another consideration
in the buckling problem is the question of what constitutes failure of
the collector.

To assess the structural integrity of the collector,
it is necessary to establish a criterion for failure. It is clear that
either of the following conditions would constitute local failure:

1. Exceeding the yield stress such that the surface is per-

manently distorted

2. Buckling to the extent that snap-back does not occur
If a sufficient portion of the mirror area is affected by these con-
ditions, to the extent that performance suffers significantly, the
mirror may be considered to have failed. The first task of the struc-
tural analysis, then, is to assure that the material yield stress is
never exceeded under any unforeseeable conditions. This can be accom-
plished rather readily for static conditions. Yielding under dynamic
conditions is more difficult to determine. It depends on amplification
of the vibration under resonance conditions and is strongly dependent
on vibration mode shapes, natural frequencies, and damping of the
structure, and on the characteristics of the vibration spectrum.

Most of the available theory and data on buckling is
concerned with determining the stresses or pressures at which buckling
begins. However, this does not necessarily represent a good criterion
for structural failure. 1If the local yield stress is never greatly
exceeded, and if the buckled area snaps back after the buckling stress

is removed, there is no reason to consider that the structure has
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failed. It is the experience of EOS that considerable local buckling
of thin concentrator structures can occur under vibration and shock
conditions without resulting in any permanent damage to the surface.
Unfortunately, little work has been done to determine the extent to
which buckling can occur without resulting in permanent degradation

of optical properties. At the present state of development, it is

not believed feasible to attack this problem analytically. Some experi-
mental investigation will be required for specific configurations of

interest.

6.4 Lateral Acceleration Effects

In the membrane analysis of the collector shell subjected
to uniform transverse or lateral acceleration, the analysis is simpli-
fied by assuming that the collector is a spherical cap having the same
base diameter and height as the parabolic shell. The shell diagram in
Fig. 6-1 depicts the nomenclature used for the lateral acceleration
analysis below.

The spherical cap radius R, = R, = R = 334 inches. The unit

1 2
load vector q is q = q lX = pgnt lX and the unit load is therefore

q = pgnt. Therefore the meridianal hoop and normal loads are:
q; = ;l . a = q cos O cos ¢
9, = e, 4 = -qsing
— -
Q. = e/ ‘q = q sin O cos ¢

Using the notation of Novozhilov, Ref. 6-3,

q; = ql,1 cos ¢ where a1 q cos ©
9, = q2,l sin ¢ where q2’1 = -q
q, = qn,l cos ¢ where qn,l q sin ©
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The meridianal and hoop and shear forces per lineal inch

are respectively

0
1 . _
T, = 3 3. [I ®R sind de] cosg = Tl,l cosg
R"sin™@ —©
1 0
T2 = [qn,l R - 3. L)QR sin® dG] cosp = T2,1 cos@
R"sin™ @
s = [Tl 1 cos® + x (0) ] sing
where the function:
. 2 .
$ = (qn,l cos® "9 sinf)R” sind
0 2
-L (qn,l sin@ + 4 1 cos® -qz,l)R sin@ dé
2
& = 2qR“ [cos® -1]
and
(8 = 1 Ie( sinb + cosB - )R2 inf de
X R sing ¢g qn,l ql,l q2,1 s
1-cos@
x(6) = 2Rq o~
The meridianal, hoop, and shear stresses are therefore:
g, = T.,/t = -pgnR cosgp ngli%gé— = g cos@
1 1 2 cos~8/2 1,1
o, = Tz/t = pgnR cosg _ sin®/2 (1 + 4 cos49/2] =
2 cos™8/2
4
-9, 4 [1 +4 cos 6/2] cosg
T = S/t = pgnR sing _sin6/2 [1+ 2 c0329/2] =
12 3
2 cos™9/2

"0y 4 (1 +2 cosze/ZJ sing
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Figure 6-4 shows the membrane stresses as a function of 6
plotted from the above equations. Hoop and meridianal stresses are
of the same order of magnitude as in axial loading and have opposite
signs at the same position. Therefore compressive buckling will not

be a problem.

6.5 Centrifugal Acceleration Effects

The effects of centrifugal acceleration have been considered
on:
1. Collector shell
2. Torus-absorber struts

3. Torus deflection

6.5.1 Collector Shell

A membrane analysis of the collector shell in the
deployed position, subjected to an inertial loading, follows.

A plan view of the spinning collector is shown below
where L is the separation between the vehicle and collector axis, a
the unit loading vector, r the radial distance from the vehicle axis,

w the angular velocity, p the density and t the shell thickness.
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The absolute value of the loading vector is:

Ial = rwzpt
q = rwngt [cose 1. + sing 1. ]
X y
where
cos = L +x sin = 1
o T » o r
therefore
- _ 2 — —_
q = pwt [(L + x) 1X+yly]

The coordinates can be expressed as:

x = R sin@ cosg
y = R sinf sing
z = R cosB

Direction Cosines

x y z
gl cosB cosg cos® sing -sind
EZ -sing cosg (0]
-
e sinBcosg sin® sing cos®

Substituting for x, y and =z

q g[(L + R sin® cosg) Tx + R sinf sing Ty]
where
q = pw’t

Therefore the meridianal, hoop and normal forces are respectively

q = 21 . a = gq[(L + R sinb cosg)cosd cosp + R sind sin2¢ cosf ]
9, = qL cos® cos¢p + qR sinB cos@
q2 = 22 . a = g[(L + R sin® cosg) (-sing) + R sin® sing cosg]

= =-qL sing
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q, = gn a = q[(L + R sin® cosp)sin® cosp + R sinze Sin2¢]
= qL sinB cosg + gR sin29
or
9 = ql,l cosp + 9 where ql,1 = gL cosb
Qb = 91 sing where 4,5 ~ -qL
, = qn,1 cosg + 9, where qn,l = qL sinb

Therefore, the problem is divided into a symmetric problem and a sinf
or cos® variation. The antisymmetric problem is identical to the
problem solved for the collector under uniform lateral acceleration.
The solution carries over by substituting pwth for q in that problem.

The symmetric solution is found using Novozhilov

(Ref. 6-3).
q = R sin@ cos6 where q = szt
_ .2
q, = gR sin"®

Then the symmetrical meridianal and hoop forces per lineal inch are:

1 © 2
T = — f (q_ cos® - q, sinB) R~ sinBdb = O
1 . 2, 495" 1
R sin™ 0
_ _ 2 .2
T2 = an = qR™ sin ©

Adding the symmetric and sin® or cos 6 terms the merid-

ianal, hoop and shear stresses are:

sing/2 sinB/2

o, = —prLR cosg — 3 = -9.7 —3 cosp = 9y 3 cosg
2 cos”8/2 cos™0/2 ’

2 si 2

o, = pw LR cosg ——Eﬁé———— 1+ 4 c0349/2] + prRZ sinze
2cos g/2
4
= -0 1[1 + 4 cos}6/2] cosg + 16.3 sin29
2 sinB/?2
T, = Pw R =222 (1 42 cosze/2]sin¢ = -o; 1[1 + 2 c0529/2] sing
2 cos™8/2 ’
The membrane stresses are shown as a function of 8 in
Fig. 6-5.
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where
2

w'L = 0.18g
ow’LR = 0.18pgR = 19.3 1b/in’
ow’R? = 16.3 1b/in?

From Fig. 6-5 it can be seen that membrane stresses
are extremely low, the maximum stress being less than 17 psi. These
stresses will therefore present no structural or efficiency loss

problems.

6.5.2 Strut Deflections

Strut and torus deflections are described in Section 5.9.

6.6 Vibration
The vibration characteristics of this structure will be

dominated by the torus mounting since the collector shell and torus
are rigidly joined. To better understand the analytical complexities
of this problem, the structural frequency response will be broken into
three parts:

1. Shell

2. Torus

3. Shell and torus.

6.6.1 Shell Frequencies

At least four possible edge mountings will determine
the lowest natural frequency, fn, of the shell. These result from the
two alternate methods of supporting the collector in both the launch
and orbit phases. These variations and the lowest fundamental nodal
response are:

1. Eight-point torus support during launch (four nodal diameters)
2. Continuous torus support during launch (one nodal circle)
3. Tripod support during orbit (three nodal diameters)

4. Quadrapod support during orbit (two nodal diameters)
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The fundamental responses for these frequencies are listed in Table
6-1. The fundamental frequencies for Cases 1, 3, and 4 were calculated

from the following equation from Reissner (Ref. 6-0):

T £ I—4(1-D)(n2—l)n2]1/2
2TTR 12p(1-v7) ~
where n = number of nodal diameters
v = Poisson's ratio
p = density
R = collector radius
E = modulus of elasticity

The frequencies derived for Cases 1, 3, and 4 are 18, 13, and 8 percent
higher than the corresponding frequencies derived from a flat plate of
similar diameter and thickness.

Nomographs covering parabolic shells supported as in
Cases 3 and 4 are given by Lin and Lee (Ref. 6-7). These results are
also included for comparison in Table 6-I. The paraboloidal frequency
for Case 3 may be in error as much as 50 percent since the referenced
nomograph was extrapolated to obtain this value. Since the values are
close to those evaluated for the spherical cap, the spherical cap
approximation appears valid.

In each of the above cases the fundamental frequency
is determined largely by the energy stored by inextensional bending.
Therefore, frequency is dependent on the shell thickness and almost
independent of shell curvature.

The fundamental frequency derived for Case 2 is high
because the majority of the vibration energy is stored in stretching
the shell. As can be seen in Table 6-I1 the lowest natural frequency
for Case 2 is highly dependent on the approximation used. WNaghdi
(Ref. 6-8) shows that the lowest natural frequency for a thin shell

hemisphere is
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TABLE 6-1

SHELL NATURAL FREQUENCIES FOR VARIOUS TORUS SUPPORT CASES

Case Torus Support Node Frequency in cps Reference
1 8 4 nodal diameters 0.074 6-~6
2 Continuous Breathing - 1 146. 6-8, R
nodal circle
79. 6-8, R
c
128. 6-9
3 3 3 nodal diameters 0.042 6-6
~0.075 6-7, Parabola
4 4 2 nodal diameters 0.017 6-6
0.015 6-7, Parabola
NOTES
Constants used in frequency calculations
E =30 x 106 psi RC = 334 in
h = 47 in t = 0.0107 in
n =2, 3o0rk4 v =1/3
. 2,;. 4
R = 180 in p = 0.32/386 =0.00083 1b * sec”/in



¢ . 0:87 [E
n 2R P
Therefore, for a hemisphere having the same rim radius as the collector
the natural frequency would be 146 cycles per second; with the same
radius of curvature as the average spherical radius of curvature, the
natural frequency would be 79 cycles per second.

The following equation from Reissner (Ref. 6-9)
approximates the natural frequency for clamped thin spherical shells:

1/2
2.98 t E

n _ om 2

2
5 [1 + (1+v)[0.9 - 0.2(1+v) ] 35 ]
R p(l-v7) t

where h is the collector sagitta.

However, at high h/t ratios this equation may be in
error as much as +18 percent as demonstrated by Hoppmann (Ref. 6-10).
The calculated frequency of 128 cycles per second is, as one would
expect, between the two frequencies calculated for various hemispherical
radii above. Based on the questionable assumption of a completely
clamped edge, and on the scatter of answers from the analytical solu-
tions for a clamped edge, the natural frequencies calculated for this

case may be in error by a factor of 2.

6.6.2 Torus
The natural frequencies of the torus, fn,r,Table 6-11 were

derived assuming that the torus is a complete circular ring whose radius

is large with respect to ring thickness in the radial direction (Ref.
6-11) . For the four types of mounting described in Cases 1 through &

in Section 6.6.1, the extensional and flexural vibrations, both in the
plane and normal to the plane of the torus ring, have been calculated.

The flexural vibrations are applicable only to Cases 1, 3, and 4. The

equations used to derive frequencies are based on Harris and Crede

(Ref. 6-11). Extensional frequencies are derived from the equation:
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TABLE 6-1T

TORUS NATURAL FREQUENCIES fn r FOR VARIOUS SUPPORTS

J

Case Torus Support Mode Frequency in cps
1 8 4N L 23.4
axn = 23.6
2 Continuous Extensional 294
3 3 3N 1L 12.2
3N = 12.4
4 4 2N L 4.2
2N = 4.4
NOTES

Assumed a torus weight of 150 1b; . . m_ = 3.43 x 10 ° 1b - sec2/in2
N wavelengths, flexural vibration
I perpendicular to torus plane

= in torus plane
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where m_ is the torus mass per lineal inch, R the collector radius
and r the torus cross sectional radius.
Flexural frequencies in the plane of the torus ring

are derived from:

. - 1 Lﬂra rl2(n2_1)2
\/4er4 (n2+1)

n on

The flexural frequencies normal to the plane of the ring are derived

from:

Vi
1 |mre® n2kion?

n 217 L R4
T

(n2+l+u)

6.6.3 Torus-Shell

At present there is only limited published informa-
tion on the empirical determination of natural frequencies of toroidally
rigidized solar collectors (Refs. 6-12 and 6-13). This work was done
on 5-foot diameter mirrors. Although JPL is performing experimental
work in this area and although they are developing a computer program
which can determine natural frequencies of any paraboloidal shell-torus
combination, no simple analytical means are yet available for the cal-
culation of the torus-collector shell natural frequency. Therefore,
the determination of this frequency will be based on simplifying
assumptions. First, assume that the torus will store all the vibra-
tional energy. Next, a portion of the mass of the collector shell and
a part of the shell stiffness will be added to the torus. Experimental
work at JPL indicates that approximately 52 percent of the shell mass
~should be lumped to the torus. If one assumes that the shell stiffness

is between 0 and 1 times the torus stiffness, the resultant combined
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resonant frequency will be from 1 tojE-times the torus frequencies
with lumped masses. A summary of the combined shell-torus frequencies
for the four cases described above is given in Table 6-III as calculated

from the following equation

m

£ = f [( L
n,c n,r m -Hn
r s

D_-+D
r s
&

r

]

where fn c is the shell-torus or collector natural frequency, m the
3

torus mass, m_ the shell mass, Dr the torus rigidity and DS the shell

rigidity.

6.6.4 Vibration Effects

The structural response to vibration effects is
dependent on the structural dampening, which determines the resonance

amplification factor, A .
P r

where C 1is the dampening coefficient, Ccr’ the critical dampening
coefficient and T the dissipation factor. Structural dampening is a
function of both the air dampening, Ca’ and material dampening, Cm
If the collector is approximated by a square plate
with the same thickness as that of the collector and with a length
and width equal to the collector diameter, the air dampening can be

. wa .
determined by either of two equations. When 5;'<1 (where w is

the frequency in radians/second, a the length and width, and c the
velocity of sound) or f < 12 cps, the dampening on both sides of the
plate is as follows (Ref. 6-14).
C Cm
2 - o0.636 = &
P

C c
cr
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TABLE 6-III

SHELL TORUS NATURAL FREQUENCIES FOR VARIOUS SUPPORTS

Case Torus Support Mode Frequency in cps
Ds B Ds B
4xn L 15.5 21.9
1 8
4N = 15.6 22.1
2 Continuous Extensional 194 274
3 3 3N L 8.1 11.4
3N = 8.2 11.6
4 4 2N L 2.8 4.0
2N = 2.9 4.1
NOTES
A wavelength
L perpendicular to torus plane
= in torus plane
D rigidity
m mass
( )r = function torus
( )S = function shell
m_ = 4.46 % 107 1b - sec’/in’; m_ = 3.43 x 107 1b - sec?/in’
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where c and p are respectively the speed of sound and density of
the plate material. For air dampening on both sides of the nickel
shell the air amplification factor Ar, = 400. However, due to the
high diameter to thickness ratio the amplification factor should be
further reduced because of dampening due to inphase air acceleration.

This reduction is not easily determined.

When %§-> 3 or £ > 36 cps, the dampening is determined
as follows:
C 2
2 _-o9.175 & & D (Ref. 6-14)
C p c 2
cY m m ¢t

where t is the shell thickness and D the collector diameter. Ar,a
for this case = 0.00025. The wide amplification variations above
36 cps and below 12 cps are due in part to the exclusion of inphase
air acceleration dampening. Tests should be made to verify these
formulae for large R/t ratios.

Mechanical dampening depends on such factors as:

1. Material

a. Composition, structure and homogeneity

b. Stress and temperature history
2. 1Internal stress

a. Initial stress

b. Changes caused by stress in temperature history
3. Stress conditions in use

a. Type, i.e., tension, compression
b. State of stress, i.e., triaxial and biaxial
c. Stress magnitude
d. Stress variations
e. Environmental characteristics
For most materials the amplification factor ranges between 6 and 1000.

Since nickel is a magnetic material with high intermal friction, a
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material dampening amplification factor, Ar of 100 appears conserva-

M
tive. A total amplification factor then is calculated as follows:
1 1 1
A~ A +
r r,a Tr,m

Therefore, for frequencies less than 12 cps the combined amplification

factor is much less than 80; for frequencies greater than 36 cps the
aplification is much less than one. The amplification factor for

vacuum is 100.

The resonant stress, ¢ _, is given by o - o XA xn
r r 1g r

where, Glg is the one "g" stress and n the number of g.

Table 6-IV lists the resonant stresses and ratio of
yvield stress to resonant stress for the four cases of torus mounting
in launch and orbit. 1In Case 1, the 8-point torus suspension during
launch, extremely high resonant stresses are calculated. Reduction
of these stresses can be achieved by the following means:

1. Tapering the torus to equalize torus stresses

2. 1Increasing the torus moment of inertia

3. Designing for friction dampening between the torus and
radiator

4. Friction dampening between the radiator mounts and torus
brackets

5. Empirically determining the actual dampening of the torus-
shell combination.

To achieve a safety factor of greater than 1.0, a
40-fold increase in dampening would be required.

Case 2, the continuously supported torus, exhibits
extremely low air damped resonant stress. More complete analyses are
required to determine whether resonant stresses may be a problem under
partial vacuum conditions toward the final boost phases. The torus
resonant stresses for the tripod orbit support are high. However, such
stresses can be appreciably reduced by the use of either magnesium or
magnesium-silicon strusts which have an extremely high dampening and
dissipation factor, or by any of the methods described above for Case 1.

The natural frequency for the quadrapod support,

Case 4, is lower than the environmental specification and no stress

problems should therefore be encountered from orbital vibration.
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TABIE 6-IV
VIBRATION EFFECTS SUMMARY

. Natural Amplification Resonance Yield Stress UY
Case Ssgsgrt Friguigzy Afi:ieigi?.zn , :a_:tr:rAr’m Ma:tz ?ti;ess Stress (PSi); % Resonance Stress 0
psi) r,a+m r,m Air & Material Material Only
1 8 points 15.6 ~6 <<80 100 shell 70 <<33,600 42,000 >>12.5 10
<80 100 torus 5,200 <<2,500,000 3,200,000 >> 0.028 0.022
2~ Continuous 194 19 <1 100 shell 70 <70 133,000 >1,000 10
< 1 100 torus 13.0 <13 24,000 >5,400 54
3 3 points 8.2 0.25 100 shell 60 - 1,500 46.6
100 torus 37,000 925,000 0.119
4 4 points 2.9 -



Since the vibration response is highly dependent on
dampening coefficients, natural frequencies, and mounting details,
additional empirical studies of the detailed design are necessary.

By using vibration isolators for the torus support
during launch the amplification at the natural resonant frequency can
be reduced by at léast a factor of two.

The vibration analysis indicates that a continuously
supported torus is the preferred design during launch, and that a
quadrapod supported torus is preferred during orbit.

The effects of dynamic loading on compressive buckling
have not and cannot be readily determined from available analytical or
empirical studies. Suggested tests for vibration and other dynamic
loadings on similitude models of the proposed collector design are

discussed in Section 10.

6.7 Shock

The most critical shock specification is the 35g shock load-
ing by either a 10 millisecond triangular pulse, an 8 millisecond half
sine wave pulse, or a rectangular pulse of 5 milliseconds. Table 6-V
summarizes the results of this launch shock on the critical components
for Cases 1 and 2. 1If the natural period of the element in question
is greater than the shock period, the displacement of the element
governs the ultimate stress. If the period of the element is less
than the shock period the acceleration governs. This indicates that
for an 8-point suspension, a torus deflection at the torus-radiator
mount should be less than 0.54 inches, if the maximum torus stress is
to be below the design yield stress of 70,000 psi.

For the continuously mounted torus the maximum shell stress
would be < 2,100 pounds. 1In this case the high shell dampening will
prevent any resonance amplification and limit the maximum g's to 35 or

less.
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TABLE 6-V
SHOCK SUMMARY

Natural
Case Torus Period Maximum Acceleration Maximum Stresses
Support Seconds Determined by . psi _
1 8-points 0.064 Torus displacement Torus = 70,000
must be < 0.54 inches
2 Continuous 0.003 Acceleration - 35g's Shell 2,100

6.8 Acoustical Noise

The effect of the 148 db acoustical noise field must be
studied both from the standpoint of static buckling and dynamic stress.

The sound pressure level of 148 db Re 0.0002 microbar is
equivalent to an rms pulsating pressure of 0.07 lb/in% From Olson,
Ref. 6-15, the net radiation pressure (assuming the shell is an infinite
wall) from acoustical noise striking the shell from one side is given

by the following relationship:

p. = (y+ D™
n
pc
where p = the net radiation pressure
n
Y = the ratio of the specific heat of air at constant pres-
sure to the specific heat at constant volume = 1.4

p = the pulsating acoustical noise pressure
p = the air density
¢ = the velocity of sound in air

Therefore at a 148 db acoustical noise level the net radiation pres-
sure is 6 x 10_4 psi which is an order of magnitude less than the
critical buckling pressure for the electroformed shell design. Since
the acoustical noise level will be approximately constant on both
sides of the collector shell, there will effectively be no net radia-
tion pressure. Therefore, from a static standpoint no buckling should

occur.
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For a flat plate the mean square stress value is given by

the following equation from Ref. 6~14:

2
K  c a
2 14" m
(o) = — ¢ (w)
n E2t3§ P ' n
- 2
(0')n - mean square stress value
th - proportionality constant
Cm - velocity of sound in material
a - minimum plate or shell width
E - modulus of elasticity
t - plate, shell thickness
s _ C
b C
cr
¢P(w ) - pressure function of natural frequency, ® s and
n

acoustical noise level

Some experimental data is available on the stresses arising
from a 148 db acoustic noise pressure level on aluminum flat and curved
plates (Ref. 6-16). The stress in a similar nickel plate can be
inferred by dividing the stress equation for nickel by that of aluminum,

thereby cancelling K14 and ¢p (wn) so that

— c a2 E2 t3 g
N o (5)2 m,ni " ni al al *al
n,ni n,al ¢ 2 2 3
m,al a ET. t7., = .

al ni ni ~ni

For the nickel shell g is determined from the air dampening
equations in Section 6.6.4. In the case of the clamped shell, where
the natural frequency is above 36 cps,€ is 2 x 103. For an aluminum
plate of these dimensions the ratio of structural and air dampening
to critical dampening £ is less than 0.0l. A summary of constants

used follows.
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Nickel Aluminum (Ref. 6-16)

Item Units (ni) (al) B
&2 15%/in’ 25,000
, 5 5
< in./sec 1.9 x 10 1.97 x 10
a in. 360 9.36
E psi 30 x 106 10 x lO6
t in. 0.0107 0.032
g - 2 x 10° ~ 1072

Therefore, the nickel shell stress due to a 148 db acoustical noise
level will be less than 230 psi. Even if the air dampening factor of
the collector shell were in error by a factor of 200 to 300, the
fatigue strength of nickel would not be exceeded.

In the proposed design, additional resistance to stress
fatigue is provided by the curvature of the shell and the predominantly
tensile loading provided by the launch acceleration. The improvement
in resistance to acoustical failure as a function of shell curvature
and static pressure, equivalent to static acceleration, on the concave
side of curved plates is also discussed in Ref. 6-16.

From the experimental data of Ref. 6-16 the edge mounting
design is very important. Therefore design details which increase
friction dampening and which reduce localized edge stresses, will
reduce any edge effects of acoustical noise.

Therefore the proposed design should have a high resistance

to the static pressure and the dynamic stress produced by the 148 db

acoustical noise field.

6.9 Thermal Effects

The all-nickel collector structure has a high resistance to

thermal stress and thermal shock. At no time will the temperature

over the entire collector vary by more than 200°F. Based on a thermal

168



expansion coefficient of 7.4 x lO_6 and a modulus of elasticity of
30 x 106, for nickel, the maximum possible thermal stress even assum-
ing a completely rigid torus would be of 44,400 psi which gives a
safety factor of greater than 1.5 relative to a 70,000 psi yield
strength.

The resistance of this structure to thermal shock will be
high. While no standard thermal shock resistance test exists, good
thermal shock resistance appears to be a function of the ratio Ks/gE,
where K is the thermal conductivity, s the tensile strength, o the
linear coefficient of thermal expansion, and E the modulus of elasticity.
This ratio shows that thermal shock resistance is favored by high
tensile strength, high thermal conductivity, low modulus of elasticity
at failure and low thermal expansion. Based on comparative values of
the above coefficients, for comparable structures and thermal varia-
tions nickel has a thermal shock resistance comparable to that of
aluminum.

No structural degradation is therefore expected from either

thermal stress or shock.
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7. RELTABILITY
The collector reliability depends on the integrity of the para-

boloidal geometry and the reflective mirror coating.

7.1 Ground Testing and Handling

The environmental specifications for ground testing and
handling are much less severe than the static and dynamic loadings
during launch and orbit. The ground specifications can easily be
met by the proposed collector. Also, during the ground testing and
handling phases weight is not a major criterion. Therefore, handling
fixtures and tooling can be designed so that the collector has a
large safety factor without adding to packaging or transportation
costs appreciably.

The reliability of the reflective coating underground test-

ing and handling conditions is discussed in the following sections.

7.1.1 Coating Adhesion

The EOS collector design involves the use of a
chemical spray deposited silver reflective coating. The electro-
chemical bond between this chemically predeposited silver layer and
the electroformed nickel shell is almost an order of magnitude greater
than for any vacuum deposited metal coating. This electrochemical bond
probably exceeds the strength of solid silver. No adhesion problems
are expected between the nickel and silver. None have been encoun-
tered in previous EOS electroforming work. However, the use of
chemically deposited silver on collectors fabricated by other processes
is not practical. The alternative, vacuum deposited silver, would be
unreliable. Vacuum deposited silver coatings exhibit relatively poor

adhesive qualities, in fact they are often used as parting layers.
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7.1.2 Silver Diffusion

Based on the phase diagrams included in Ref. 7-1,
silver and nickel are immiscible over the temperature range in which
a collector will operate. Therefore, no reflectance losses will be

caused by nickel-silver diffusion.

7.1.3 Prelaunch Protection

The 91 percent value for practical silver reflectance
was based on a nominal 1 to 2 percent degradation due to normal testing,
providing the collector is suitably protected between tests. The silver
reflectance is primarily degraded by the presence of the hydrogen sul-
phide ion. Therefore, the silver surface can be protected either by
providing an impenetrable protective coating or by eliminating hydrogen
sulphide ions from the presence of the silver coated mirror.

Protective methods include:

1. A very thin layer of amino silane, now being extensively
used on all silver flatware made in the United States, can
be deposited on the silver immediately after collector
fabrication. This material can be deposited in a pinhole-
free coating. It offers great promise for collectors
requiring long terrestrial solar tests.

2. A sprayable photolyzable film could be used for protection
from fabrication to orbit. This film readily evaporates
under the influence of ultraviolet radiation and hard vacuum.
The photolyzable film is compatible with silver surfaces.

3. A number of mechanically strippable plastic films, compatible
with silver, could protect the silver from manufacturing to
prelaunch preparations. Such films have been extensively
used in the production of solar simulator mirrors and search-
lights at EOS.

4. Collector storage in a bag of inert gas, such as nitrogen,

will eliminate the presence of hydrogen sulphide.
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5. Lead acetate impregnated paper will absorb the hydrogen
sulphide ion if placed in the collector container. Several
sample mirrors have been stored and repeatedly inspected
without visible loss of reflectance for periods of six
months or more using this lead acetate paper.

Based on previous experience and the numerous avail-
able methods of protecting silver, no problems concerning loss in
reflectance prior to launch are expected if any of the above methods
are followed. The overall collector reliability will, therefore, be

very high during the prelaunch phase.

7.2 Launch Conditions

Based on reasonable assumptions for the "critical buckling
factor", air and structural dampening, collector edge conditions,
natural frequencies, and mode shapes the continuously supported torus
collector design will withstand all specified launch and environmental
conditions.

Since the chemically spray deposited silver reflective layer
has high adhesion to the electroformed nickel substrate, no reflectance

loss is expected due to dynamic environmental loadings.

7.3 Orbit Conditions

With a quadrapod torus cavity absorber strut design, the
geometric integrity of the collector will be maintained throughout the
10,000 hour orbit design life with a loss of less than 2 to 3 percent
of the total reflective area due to all possible structural distortion:
thermal, torus deflection, strut rotation.

The orbital resistance of the reflective coating is dependent
on the base material, electroformed nickel, as well as the coating
material. The various aspects of the space environment that can be
expected to affect the composite reflective surfaces and electroformed

nickel base structure include:
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Temperature
Micrometeorites

Charged particles

S~ N =

Changes in dielectric protective coatings due to ultraviolet
radiation
5. Miscellaneous effects

All estimates of reflective surface degradation in space are
based on ground simulation tests or on analysis. The analytical esti-
mates depend on theories of unknown validity and on widely divergent
values for energy and particle flux densities, depending on the source
of the data. Instrumented samples of specularly reflective surfaces,
representative of solar collector surfaces, have never yet been exposed
to the actual space environmment. Until this is done, there will be no
final answer regarding the durability of any reflective surface in
space. Fortunately, plans are now under way to implement such an exper-
iment.

Being fully appreciative of the unavailability of positive
knowledge on this subject, EOS has chosen a reflective coating system
which seems to offer the best probability of withstanding the space
environment, based on current theory and experimental data. Reference
7-2 discusses the effects of space environmental factors on surface

reflectance degradation. This report will summarize these findings.

7.3.1 Temperature Effects

Over the practical range of absorptivities and emis-
sivities considered, the toroidally supported electroformed nickel
collector will encounter no problems due to material recrystallization,

stress relief, creep, or evaporatiom.

7.3.2 Micrometeorites

It has been shown (Refs. 7-3 and 7-4) that the volume
of material displaced to form a pit on the reflective surface is

directly proportional to the kinetic energy of the impinging
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micrometeorite particle. Various constants of proportionality have
been developed by Whipple, Eichelberter, and Gehring and Barnes
(Refs. 7-5, 7-6, and 7-7).

Based on particle velocities ranging from 2.2 to
7.2 x 106 centimeters/second and densities ranging from 0.44 to 8.9 grams
per centimeter, fractional surface losses for nickel substrate materials
could range from a maximum of 0.76 percent to a minimum of 0.06 percent
per year. Depending on the proportionality constant used, an aluminum
substrate could lose from 2 to 4 times as much surface area per year
as a nickel substrate. For either plastic substrate type reflectors
or reflective coatings involving dielectric layers, larger surface
area losses might be ekpected.

Tests at NASA-Lewis using simulated micrometeorite
fluxes have resulted in higher percentages of surface area degradation
on representative reflective samples. There is some question whether
the low velocity fluxes of the simulation tests actually represent the
surface damage of the expected higher velocity space fluxes even though
the total kinetic energy flux is the same in both cases (see Appendix B).

Experiments are continuing on a new group of reflective

samples.

7.3.3 Charged Particles

Space proton bombardment of polished metal surfaces
may have a significant effect on surface degradation. Depending on
the references cited and on whether there is high solar activity,
charged particle damage could range from very little to a significant

amount in one to three years.

7.3.4 Ultraviolet
Since no dielectric protective coatings are expected

to be used, ultraviolet degradation effects should not be a problem.
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7.3.5 Miscellaneous

The effects of atomic displacement by high energy
electrons and protons should not degrade the specular reflectivity
as much as 1 percent per year. Also, the ionization produced by
high energy photons, x-rays, and ultraviolet should create no static

attraction of particles onto the all-metal mirror surface.
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8. WEIGHT CONSIDERATIONS

8.1 Importance of Weight as an Optimization Parameter

The importance of weight in a space power system design must

be evaluated in relation to two factors:

1. Competitive position of the power system relative to alternate
systems of similar power output

2. Weight capability of intended boosters

8.1.1 Relationship to Competitive Systems

Only the solar photovoltaic system will compete with
the solar Brayton cycle system during this decade in the 5 to 10 kilo-
watt power range. No nuclear systems of comparable power output and
no other multikilowatt solar systems are anticipated on a development
schedule compatible with that of the solar Brayton cycle system. A
weight breakdown for a solar photovoltaic power system is shown in
Table 8-I. This is for a5 to 10 kilowatt system, using battery energy
storage in a low altitude earth orbit. Even the weight of the solar
panel array alone is equal to or greater than that anticipated for the
total Brayton cycle system. Including the remaining system components,
the photovoltaic system will weigh up to twice as much as the Brayton
cycle system. However, even if it were as heavy as the photovoltaic
system, the Brayton cycle system would still have a clear advantage
in regard to unit cost. At the present time, the unit cost of a photo-
voltaic system is on the order of $1,000,000 per kilowatt. If low
efficiency cells were accepted as a means of reducing cost (with a
corresponding weight increase), the system cost might be reduced to
$500,000 per kilowatt or slightly less. However, this is still on the

order of $4,000,000 per unit for an 8 kilowatt system.
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TABLE 8-I

WEIGHT BREAKDOWN OF TYPLICAL
SOLAR PHOTOVOLTAIC POWER SYSTEM

Design Conditions

Power level 5 to 10 kw

Orbit parameters 55 minute light per
35 minute dark

Weight Breakdown

Solar cell array (daylight only) 130 1b per kw¥

Solar cell array (sized to supply output
power plus battery charging power.
Energy storage efficiency = 85 percent) 227 1b per kw

Battery weight (sealed silver
cadmium batteries. Energy
storage capacity = 8 watt hr per 1b) 70 1b per kw

Auxiliary deployment gear, electronics and
controls (excluding power
conditioning equipment) 50 1b per kw

System weight (raw power) 347 1b per kw

System weight (assuming
power conditioning equipment
weighs 20 1b per kw and has
efficiency of 85 percent) 428 1b per kw

*Specific weight is expressed in pounds per kilowatt of average system
power output.
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The solar Brayton cycle system enjoys a clear advantage
both in regard to weight and cost over the photovoltaic system. There=~
fore, the Brayton cycle system could be increased in weight considerably
before it would begin to lose this competitive advantage.

Near the end of the decade, the SNAP-8 system may begin
to compete with an array of four Brayton cycle systems in the 30 to 35
kilowatt range. The SNAP-8 will weigh upwards of 200 1lb per kw depending
on shielding requirements. The competitive position of the Brayton cycle
system relative to SNAP-8 is less clear cut and depends strongly on
specific vehicle and mission requirements. Some factors to be considered
are:

1. Total power requirement

2. Sensitivity of payload to nuclear radiation

3. Reliability advantages of multiple Brayton cycle units versus
a single SNAP-8

4. Importance of power system volume during launch and in orbit

8.1.2 Booster Capability

The second major consideration is that of booster capa-
bility. The solar Brayton cycle system is to be launched in a Saturn 5
booster with either an S-2 or an S-4B upper stage. The latter combination,
which can carry the 20-foot diameter collector, is capable of 240,000 1bs
in a low altitude earth orbit. Even the two-stage Saturn 5 has a weight
capability many times the expected weight of four solar Brayton cycle
systems. Unless the remaining payload volume of the booster is filled
with rather dense equipment, it is unlikely that weight capability of
the booster will be exceeded.

8.1.3 Summary

Considering both the competitive position of the solar
Brayton cycle system and the weight capability of the intended boosters,
it is clear that the system and its components should be optimized for
system efficiency and reliability rather than for minimum weight. The

EOS collector design concept is compatible with this situation.
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8.2 Weight of Collector

This weight discussion includes the collector shell and torus,
torus-radiator brackets and torus-cavity strut brackets. Tables 8-IL
and 8-IIT show the various weights and packaging dimensions for collectors
with nickel and titanium tori respectively, both with an eight=-point
radiator torus support and an alternative continuous radiator=-torus
support. Specific weights between 0.69 and 0.87 1lb per ft2 can be
readily obtained with this design. Lighter weight one-piece electro-
formed collectors can be achieved, which have equivalent or greater
structural integrity, at a sacrifice in optical efficiency. Some of
these alternative designs are discussed in Section 3. Such designs
would still offer the reliability of a high reflectance silver reflective
coating, electrochemically bonded to ahighly specular electroformed nickel
shell. However, the optical losses that arise from the attachment of
rigidizing structure are inherent in the lightening process and, therefore,
set a maximum limit on effective collector efficiency, which is less than

for a single shell nonrigidized collector.
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TABLE 8-II
WEIGHT OF ALL-NICKEL COLLECTOR

Weight NICKEL
TORUS
e | Sesiee

Collector Shell 372 0.525
Torus 154 0.218
Torus - Shell Joint 33 0.047
Reflective Surface 0.2 0.0002
Radiator - Torus Support Brackets¥ 40 0.056
Torus - Strut Support Brackets 15 0.021

Totals 614 0.87

Packaging Dimensions

Height < 4.0 feet
Diameter 30.0 feet
Rim Angle 55 degrees

* Use of a continuous radiator-torus support would eliminate
radiator-torus support brackets. Weights would be:

Total 574 1b
Specific 0.81 1b/ft2
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TABLE 8-IIIX
WEIGHT OF NICKEL-TITANIUM COLLECTOR

WEIGHT WITH TITANIUM TORUS -~ BRACKETS

Weight SSZ;;;iC
Collector Shell 372 0.525
Torus 65 0.092
Torus - Shell Joint 33 0.047
Reflective Surface 0.2 0.0002
Radiator - Torus Support Brackets™® 20 0.028
Torus - Strut Support Brackets 10 0.014

Total 510 0.72

Packaging Dimensions

Height <4.0 feet
Diameter 30.0 feet
Rim Angle 55 degrees

* Use of continuous radiator-torus support would eliminate
radiator-torus support brackets. Weights would be:

Total 490 1b
Specific 0.69 1b/ft2
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9. CONCLUSIONS

The proposed design, a one-piece electroformed shell toroidally
supported at the rim, offers the system designer high efficiency and
reliability capability reasonable weight, suitable packaging volume
and a manufacturing process that is highly amenable to low-cost, accu-

rate reproduction, with high process and quality control.

9.1 Power

The useful system power is a function of the collector diam-
eter and the power conversion, storage and collector-absorber efficien-
cies. (The collector-absorber efficiency as defined in this report
does not include the cavity absorber thermal insulation losses. Such
losses are assumed to be included as part of the heat storage efficiency).
Based on Fig. 9-1, 20- and 30-ft collectors with 80 percent collector-
absorber efficiencies in a system having a combined power conversion
and storage efficiency of 15 percent, would produce 5 and 11 kilowatts,
respectively. Even when all cavity insulation and collector-absorber
losses are taken into account, the design goal of 75 percent efficiency

should be met.

9.2 Reliability
The reliability of the proposed design should be high for
all phases of its operation. Metallurgically the structure has high

resistance to such environmental conditions as:

1. Temperature extremes - high yield stress at low and high
temperatures-

2. Micrometeorites - high volumetric heat of fusion

3. Vacuum - low vapor pressure at high temperatures

4. High energy protons, electrons, photons, x-rays

5. TUltraviolet - no dielectric coatings
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Diffusion - immiscible with reflectance coatings
Shock - high yield stress

Creep - high yield stress at high temperatures

O o ~N o

Corrosion - relatively unreactive to normal atmospheres

The integrity of the structural design, based on available
empirical and theoretical analysis of similar shapes, indicates that
this collector should have high structural reliability due to:

1. All metal construction
Highly efficient one-piece electroformed collector shell
Low residual stress

Single joint

No pockets for gas entrapment
Electro-chemical bonds between torus and shell
High air dampening

Low thermal gradient across the collector shell

O 0o N o BN

Low thermal expansion materials

The reflectance coating of chemically deposited silver has
also high resistance to the above factors. Possible tarnishing of the
silver reflectance coating by hydrogen sulphide ions can easily be

overcome by any one of several protective methods.

9.3 Weight and Volume Collector

A specific weight of 0.8 1bs per ft2 should be adequate to
meet environmental specifications. While other collector concepts may
achieve slightly lower design weights, the loss in reliability and
power for such designs does not compensate for the slight overall sys-
tem weight reduction, particularly when the Saturn boosters, which will
be used to launch the Brayton cycle solar power systems, have payload
capability so that even a 2 to 300 percent increase in collector weight
will not be detrimental to the overall mission capability.

The proposed collector will fit in a package 30-feet in
diameter and less than 4-feet high. For the 20-foot diameter collector

the packaging height will be less than 2.7-feet.
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9.4

Cost

Relative to other design concepts the single shell toroidally

rim supported collector offers the following cost advantages:

1.

collector

Automatic generation and reproduction of the paraboloidal

shell geometry

Short production time

Automatic process controls

Exact reproduction and duplication between successive collectors
Controlled residual structural stresses ensuring high yield
rates

Only a single joint

The exact cost of the collectors will depend on the final
design, specifications, number, and delivery schedule.

With its high performance and reliability capability the

EOS collector design will achieve the lowest total costs for any

given power output and reliability.
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10. RECOMMENDATIONS
As a result of this collector study program, it has been found
that additional information is required in two areas in order to verify

and improve collector reliability:

1. Investigation of collector structural integrity
2. Measurements of collector surface reflectance degradation
in space

10.1 Structural Testing

To provide a firmer basis for determining structural feasi-
bility of large, single-piece, solar collectors, a test program in-
volving the most critical structural analysis areas is recommended.
Such a program will provide values needed for analysis as well as

check points for the verification of existing theories.

10.1.1 Model Types
Two model types are proposed: (1) paraboloidal mir-

ros with approximately the same rim angle and general structural
characteristics as the full scale mirror; (2) spherical mirrors rigi-
dized by a simple edge mounted toroidal ring with the same average
radius of curvature as the full-scale mirror.

The first type of model would be used for tests related
to or affected by overall collector structural characteristics. The
second type of model (which approximates a section of the full-scale
mirror) would be used for evaluation of local surface effects, such as

local buckling or acoustic damage.

10.1.2 Experimental Tests

10.1.2.1 Static Buckling

Buckling by static acceleration can be approx-

imated by a static differential pressure. Two types of information can
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be determined by the buckling test. First, the experimental buckling
pressure divided by the calculated classical buckling pressure should
be compared with the "critical buckling factor" _§§;)= %) used in the
collector design. Also, the pressure at which significant permanent

surface deformation occurs should be determined and compared with the

critical buckling pressure.

10.1.2.2 Vibration Characteristics

Vibration tests should be run to determine
natural frequencies, mode shapes and structural and air dampening
characteristics. These characteristics are essential for structural
analysis of large collectors under environmental vibration, shock, and

acoustic excitation.

10.1.2.3 Acoustical Noise

Models should be subjected to noise levels up
to those defined by the environmental acoustical noise spectrum, which

has an average value of 148 db.

10.1.2.4 Temperature Variations

Using appropriate heat sources, structural
models should be subjected to transient thermal variations and gradients
similar to those that can be expected for the full-scale orbiting collec-

tor.

10.1.2.5 Optical Tests

Optical tests should be performed both before
and after the above structural tests to determine the change in collec-

tor model performance, if any, caused by the various tests.

10.1.3 Analytical Correlation

The experimental results above can be used to predict
structural performance of the full-scale mirror. While these tests

cannot fully guarantee the structural integrity of the large mirror,
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they should provide a much firmer basis of the assumptions used in

the analysis.

10.2 Space Testing of Collector Surface Reflectance

In-space measurements of reflector surface degradation are
needed to verify and correlate analytical predictions and the results
of ground simulation tests.

A program to define a space experiment for this purpose,
"Study of a Flight Experiment of Solar-Concentrator Reflective Surfaces"
(Ref. 7-2), has been recently completed. Based on the desirability
of space reflectance measurements, an actual flight experiment seems

imperative if the reliability of any reflectance-based solar power

system is to be determined with any certainty.
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APPENDIX A

SOLAR BRAYTON CYCLE SPACE POWER SYSTEM
ENVIRONMENTAL SPECIFICATION

192



APPENDIX A

SOLAR BRAYTON CYCLE SPACE POWER SYSTEM
ENVIRONMENTAL SPECIFICATION

A.1 SCOPE

This specification covers the anticipated environmental conditions
listed below to which the Solar Brayton Cycle Space Power System and
components shall be designed to withstand without malfunction or per-
formance degradation.

This specification does not cover development and/or acceptance
tests.

Environmental conditions specified are applicable to each of the
components and the complete solar space power system through manufac-
ture, storage, transportation, lift-off, boost, orbit, and orbital

transfer.

A.2 ENVIRONMENTAL CONDITIONS

A.2.1 Storage and Transportation

The components and their associated equipment shall be
capable of withstanding without performance impairment the following

loads applied along each of three perpendicular axes of its container.

A.2.2 Shock and Vibration

4g shock within one of the following times and wave shapes:
1. Triangular pulse of 10 milliseconds
2. Half-sine pulse of 8 milliseconds
3. Rectangular pulse of 5 milliseconds

Vibration:

2 - 10 cps 0.40 inch double amplitude

10 - 500 cps 2.0 g peak

A.2.3 Launch, Lift-0ff, Boost

The nonoperating system and components shall be capable of

withstanding without performance impairment the following simul taneous
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launch loads applied at the system mounting points and in the directions

and magnitudes specified:

1.

Shock

35g shock along each of three mutually perpendicular axes
within one of the wave shape and pulse times in A.2.2,

above,

Vibration

Sinusoidal input applied at the system mounting points along

each of three mutually perpendicular axes

16 - 100 cps at 6g peak

100 - 180 cps at 0.0118" double amplitude
180 - 2000 cps at 19g peak

Acceleration

The nonoperating system and its accessory components shall
be capable of withstanding the following launch accelera-

tions for five minutes duration:

78 - along boost vehicle lift-off axis.
3g - along boost vehicle lift-off axis in opposite
direction.

4.5g - all directions in plane normal to lift-off axis.

Acoustic Noise

The nonoperating system and its components shall be capable
of withstanding the induced vibrations while subjected to
an acoustic noise field with an integrated level of 148 db,

Re 0.0002 micro bar.

A.2.4 Orbital Operation

The equipment shall be designed to be capable of startup

and continuous operation at rated power in earth orbits of from 300 to

20,000 nautical miles without malfunction for 10,000 hours time.
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A.2.4.1 Shock
Prior to system startup and deployment, the
components shall sustain up to 7g shock (course correction) along
the lift-off or flight axis with one of the wave forms and time

durations indicated in paragraph A.2.2.

A.2.4.2 Vibration
The system and components will sustain vibrations
in orbit while in operation of 0.25g peak over a frequency range of 5

to 2000 cps for a time period of five minutes for each occurrence.

A.2.4.3 Acceleration

A.2.4.3.1 Undeployed

The undeployed system and components

will sustain accelerations of 3-1/2g in one direction along the lift-off
axis, and plus or minus lg in all directions in the plane normal to the
lift-off axis. These accelerations will be sustained individually for

a period of five minutes maximum for each occurrence.

A.2.4.3.2 Deployed
The deployed operating system will also

be required to be capable of sustaining a continuous, unidirectional
acceleration arising from a 4 rpm spin rate of the spacecraft. The g
loading on the system components will be a function of their radial
location with respect to the spin axis. For the purposes of this
application, the centerline axis of the collector and system is located
at a radius of 33 feet from the spin axis and experiences an 0.18g

acceleration.
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APPENDIX B
REFLECTANCE MEASUREMENTS AND SIMULATED MICROMETEORITE TESTS

In 1963, tests were performed at NASA/Lewis to determine the effects
of simulated micrometeorite fluxes on selected reflective surfaces. Sili-
con carbide particles, accelerated by a shock tube, were impinged on the
test surfaces. Resulting degradation in total reflectance was then meas-
sured and was found to be high when compared to analytical predictions
based on available data.

To better understand and document the effects indicated by these ini-
tial experiments, another series of reflectance samples was tested. These
samples, which were submitted to NASA/Lewis for testing, were made from
electroformed nickel substrates 15/16 inch in diameter and about 0.060
inch thick. Surface to be tested were prepared in the following categories:

1. Chemically deposited silver, 600 to 1,0004
2. Bare electroformed nickel
3. Vacuum deposited: chromium 100&, aluminum 1,000&

4. Vacuum deposited: chromium 1OOA,°Silicon monoxide 2,500&
aluminum 1,000A

5. Vacuum deposited: chromium 1OOA,°silicon monoxide 2,500&
aluminum 1,000A

6. Vacuum deposited: chromium 100&,°si1icon monoxide 2,500A .
aluminum 1,000A, silicon monoxide, 20,0007

The reflectance measurements of the samples before and after micro-
meteorite testing, as well as measurements of control samples retained
by EOS, are listed in Table B-I. Figure B-1 shows samples 1 and 3 from
the 6 groups. At EOS the samples were measured at 0.625, 0.7, and 1.0
micron with a Beckman DU spectrophotometer. Each sample was measured

at least three times. The measurement given in an average of these
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TABLE B-I
REFLECTANCE MEASUREMENTS
0. 6254 TEST WAVELENGTH

Reflectance
Group Sample Before After Loss Net
Test Test Reflectance
% %

1 1 98.1 33.5 64.6 48.7
2 96.8 81.6 15.2
3 97.2 —

2 1 66.9 27.8 39.1 31.4
2 66.8 63.0 3.8
3 66.7 63.3 3.4

3 1 92.3 21.8 70.5 26.5
2 91.6 86.6 5.0
3 91.9 87.5 4.4

4 1 92.3 41.6 50.7 47.2
2 93.1 — -
3 92.1 86.5 5.6

5 1 81.5 36.0 45.5 40.3
2 92.0 86.9 5.1
3 92.0 87.2 5.2
4 79.9 77.4 2.5

6 1 84.9 43.3 41.6 42.0
2 69.2 70.0 (0.8)
3 61.2 65.0 (3.8)
4 84.1 83.5 0.6

Samples:

Sample 1 was tested at NASA/Lewis. Samples 2, 3 and 4 were control
samples. '
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FIG. B-1 REFLECTANCE SAMPLES BEFORE (__.3) AND
AFTER (__.1) MICROMETEORITE TESTING
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TABLE B-1
(continued)

1.0u TEST WAVELENGTH

Reflectance
Group Sample Before After Loss Net
Test Test Reflectance
% %

1 1 98.5 54.5 44.0 65.6
2 98.3 - -
3 98.6 87.5 11.1

2 1 74.6 29.6 45.0 32.2
2 74.7 71.9 2.8
3 73.9 71.5 2.4

3 1 94.6 23.0 71.6 26.4
2 94.3 90.6 3.7
3 94.0 90.9 3.1

4 1 94.2 441 50.1 45.8
2 94.3 - -
3 93.2 91.5 1.7

5 1 93.1 41.8 51.3 43.0
2 91.7 88.9 2.8
3 91.5 90.6 0.9
4 92.5 92.6 (0.1

6 1 92.6 50.8 41.8 52.4
2 83.9 83.1 0.8
3 92.1 90.0 2.1
4 85.0 83.0 2.0

200



TABLE B-I
(continued)

0.700p. TEST WAVELENGTH

Reflectance
Group Sample Before After Loss Net
Test Test Reflectance
% %
1 1 99.3 40.5 48.8 53.3
2 99.8 86.5 13.3
3 100.1* -
2 1 69.9 29.2 40.7 34.3
2 69.9 64.3 5.6
3 69.5 65.0 4.5
3 1 91.1 22.2 68.9 26.4
2 91.1 86.0 5.1
3 90.2 86.8 3.4
4 1 89.0 42.5 46.5 44.8
2 89.7 — _
3 88.8 86.5 2.3
5 1 79.5 33.4 46. 1 36.0
2 89.2 84.2 5.0
3 82.4 83.8 (1.4)
4 81.6 76.3 4.3
6 1 83.0 46.2 36.8 40.1
2 72.6 8l.4 (8.8)
3 65.5 79.4 (13.9)
4 82.9 78.6 4.3

*The 100.1 percent silver reflectance measurement, compared with pub-
lished values, indicates that the experimental error was in the order
of = 0.6 percent.
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three readings. Reflectance measurements were made by the goniometer
method. The 100 percent reflectance level was measured by placing

the photocell in line with the spectrophotometer beam. An aluminum
standard was then referenced. This standard was referred to after test-
ing each sample. The spectrophotometer beam made an angle of incidence
of 34° with the reflective surface and the aluminum standard.

The initial reflectance measurements of Samples 1 to 3, Groups 1
through 4, correlated closely with each other and with published re-
flectance data. The maximum variation between samples within a group
was 1.3 percent, which indicates the reproducibility between measurements
and coating samples.

The initial reflectance variations among samples within Groups 5 and
6 were caused by differences in thickness of the silicon monoxide over-
coating. The silicon monoxide overcoating acted as a selective spectral
filter. Visual observation of these samples indicated a range of colors;
i.e., the samples within a group did not have maximum absorption of the
same wavelength. This observation correlated with the reflectance meas-
urements.

The first and second samples of each coating group were sent to NASA/
Lewis for testing. The first samples were exposed to a hypervelocity cloud -
of silicon carbide particles between 2 and 14 microns in diameter which
were accelerated in a 3-inch shock tube to a velocity of 8,500 ft/sec.

These articles were then impacted against the test samples at the following

levels of kinetic energy:

Sample Kinetic Energy Zi % m, vi2
1-1 0.70 joule

2-1 1.21 joules

3-1 1.42 joules

4-1 0.66 joule

5-1 1.09 joules

6-1 1.22 joules
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The test procedure used was similar to that discussed in the NASA/
‘Lewis TP 8-63, "Alteration of Surface Optical Properties by High Speed
Micron Size Particles'. For these tests, the average silicon carbide
particle size was 6.35 microns. Using kinetic energy as the appropriate
independent variable for scaling damage, a test kinetic energy of 1
joule on a 15/16-inch disc diamter is equivalent to a near-earth space
of about 8 months.

The second and third samples of each group were used as control
samples to eliminate the effects of corrosion on the results of the
experiment. TFigures B-2 through B-7 summarize the diffuse and specular
measurements made by both EOS and NASA/Lewis between the wavelength of
0.625 and 15 microns.

The 1 to l5-micron specular reflectance data were derived by sub-
tracting the diffuse from the total reflectance. The NASA data covered
this wavelength range.

Reflectance between the wavelengths of 0.02 to 1 micron is particu-
larly important since about 75 percent of the total solar intensity is
represented by this wavelength region.

Low specular and high diffuse reflectance in the O to l-micron region
are due to surface roughness caused by the simulated micrometeorite test.
Small pits act as a diffuser of low wavelengths and a reflector to higher
wavelengths.

Some of the differences between the reflectance values above and
below 1 micron are also due to the differences in measurement techniques.
Several readings above 1 micron indicate specular reflectances greater
than 100 percent.

Electro-Optical Systems reflectance measurements taken on the control
samples for Groups 1 through 4 indicate a consistent loss in reflectivity
due to corrosion and aging effects. Control samples from Groups 5 and 6 do
not show a similar pattern. This can probably be explained by a fact that,

initially, the silicon monoxide coatings on these samples were absorbing at
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different wavelengths. Oxidation and water absorption then may have
further altered the absorption characteristics of the silicon monoxide
protective films.

Electro-Optical Systems reflectance measurements on the tested
samples were corrected for corrosion degradation as measured on the
control samples, to yield the net reflectance values.

Comparison of the micrometeorite resistance between coating groups
is difficult because the kinetic energy of each test varied considerably.
However, the following preliminary conclusions can be drawn from the
limited sampling:

1. The reflectance of chemically deposited silver is superior
(both before and after simulated micrometeorite impingement)
to all other coatings, provided the silver is protected from
chemical corrosion.

2. The reflectance of silicon monoxide-protected aluminum coatings
(as in Group 6) is superior to that of bare electroformed nickel,
both before and after micrometeorite testing. The Group 6 coat-
ing had a higher net reflectance after testing than the Group 5
coating. The relative reflectances were reversed before test-
ing. This may indicate that the thick silicon monoxide coating
has some advantage in protecting the collector surface, providing
the thickness can be controlled to yield maximum collector re-
flectance throughout the mission.

3. It is difficult to compare the relative merits of various aluminum
undercoatings as listed in Groups 3 and 4, since the test kinetic
energy of each varied, by a factor of two. The control samples,
however, indicate that the chromium-silicon monoxide-aluminum
coating sandwich has better corrosion resistance than the chromium
chromium-aluminum sandwich. The possibility of galvanic coupling
between the chromium-aluminum sandwich in Group 3 may explain this.
In Group 4, these materials are separated by the silicon monoxide

dielectric coating. In calculating the net reflectance, it has
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been assumed that the corrosion for the tested samples was the
same as that incurred by the control samples. However, the
tested samples probably corroded faster than the control sam-
ples. This may account for some of the large reflectance losses
in the 0.625 to 1.0 micron range measured at EOS relative to
those measured at NASA/Lewis at slightly higher wavelengths and

immediately after the micrometeorite testing.

Up to wavelengths of 1 micron, the thermal properties of the
coating materials do not appear to affect sample area de-
gradation as one might expect if a comparison were made between
solid target discs made from the coating materials. The thin-
film mechanical and thermal properties of the coating materials

are probably more dominant than the bulk thermal properties.

The results described above assume that the total kinetic energy
is the appropriate independent variable.

Whatever the independent variable should be, these micrometeorite
tests indicate the importance of testing reflectance degradation in
space at the earliest possible date to accurately predict the life of

reflective solar power systems.
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APPENDIX C
MASTER GRINDING, POLISHING, AND TESTING

The purpose of the experimental grinding, polishing, and testing
phase of this program was to investigate techniques and materials which
were amenable to the fabrication of high-accuracy, highly specular, 20-
to 30-foot-diameter paraboloidal collector masters. The investigation
involved 3 major areas:

1. The selection of a material which is best suited to the
optical finishing required on masters for large high-perform-
ance concentrators

2. The selection of a fabrication technique which maximizes both
collector surface accuracy and specularity

3. Testing of two experimental collector models

With reference to 2 and 3, above, three fabrication processes
were considered:

1. Template machining, grinding, and polishing

2. Blade grinding and polishing

3. Plastic overlay

1. MATERIALS

A high-performance electroformed solar collector must be made from
an accurate specular convex master. The superstructure of such a master
must be designed to withstand the hydrostatic loads imposed by the elec-
troforming process. Onto this superstructure, a transition base material,
such as a filled epoxy, is deposited to minimize the thermal expansion
effects between the final master coating and the superstructure. Finally,
a master coating material is applied which should ideally have the fol-

lowing features:
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1. Ability to be polished (or in some other way given a high
specular finish)

. Resistance to chemical attack, aging, and abrasion

Ease of application

Thermal expansion coefficient compatible with substructure

High adhesion to the base material

Ease of repair

N Oy L wN

History of use in similar applications

1.1 Materials Types

Three broad materials classes can be considered for large
20- to 30-foot-diameter collector masters: glass, metal, and plastic.
Though ground and polished glass masters have been used successfully
for replicating mirrors up to 5 feet in diameter, they are not econom-
ically feasible in larger sizes, based on presently available tech-
nology (see Subsection 4.1). Since the risk of glass master breakage
during plating is high, the advantages of glass do not presently
warrant funding to advance the art of producing large-diameter glass
masters. Alternatively, either plastic or metal can be used for large
concentrator masters. The comparative advantages of plastic and metal

as master materials are given below:

Plastic Advantages Metal Advantages
1. Low cost 1. High hardness and scratch
2. Short fabrication time resistance
3. Light weight 2. High strength
4., Easily repairable 3. Lozozgzzziin:xPanSion
5. Good corrosion resistance 4. High electrical conduc-
6. Easier parting of replica tivity

To date, the advantages of plastics seem to outweigh those of metals as

master surface materials.
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1.2 Plastics
Several types of plastics offer many of the advantages

desired for a large diameter collector master material. These
include:

1. Acrylic

2. Polyester

3. Diallyl phthalate-based polyester

4. Epoxy
The acrylic and diallyl-based materials are widely used for refractive
plastic optics and have good transmission and polishing characteristics.
Polyester resins have been used in previous EOS master studies, and
epoxy resins are used extensively by EOS in the production of optical

quality reflective submasters and replicas.

1.3 Experimental Plastics

The grinding and polishing experiments in this study were
made on a polyester resin with a high styrene monomer content and an
epoxy EPON 828 resin and diethyl amino propylamine (DEAPA) hardening

agent. Plastic overlay studies were made with the polyester resin.

1.4 Application Methods

To achieve maximum master specularity and accuracy, the
plastic surface must be void-free and homogeneous. Three application
methods, amenable both to small and 20- to 30-foot-diameter collector
masters, were used in surfacing the 2-foot experimental masters:

1. Casting
2. Plastic overlay
3. Flow coating

In the casting process, the plastic surface layer is cast
between a matched mold consisting of a convex surface (the roughly
ground base material of the master) and a concave surface. One 1/4-inch
epoxy surface layer was cast using a concave plaster mold. The para-
boloidal surface of this concave mold was generated by spin casting the

plaster before and during curing. However, the resultant mold was
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relatively rough. The plaster surface was coated with several release
layers to prevent adhesion to the mold and water contamination of the
epoxy by the plaster. The cast surface was relatively rough due to
the mold. Eliminating this roughness required considerable grinding
time. Also, numerous bubbles and gas pockets in the plastic resulted
from water inclusions and other casting defects. These voids caused
many surface pits in the final polishing stages and acted as nuclei
for stress cracks.

In the plastic overlay technique, a plastic sheet (normally
flat) is cast to a uniform thickness and cured. If the plastic casting
is made against a highly specular uniform surface, such as polished
plate glass, and 1if the draping is performed with care, the overlay
surface forms the finished master without requiring further polishing.
An overlay master was made by bonding a cast polyester sheet to the
ground epoxy substrate using RTV silicone rubber (room temperature
vulcanizing adhesive), RIV primer, and mechanical roughening of the
mating bonded surfaces. This method of applying the plastic master
surface was superior to the other two alternative methods.

In the flow coating technique, like the casting technique,
the plastic coating cures on the master. However, since there is no
enclosed mold to restrain the gravity flow of the plastic, the plastic
must be quite viscous and must be continuously worked with a squeegee
or template until the plastic has cured sufficiently to cease flowing.
Several flow-coated epoxy layers were applied but were not completely
satisfactory for two reasons:

1. Adhesion of the epoxy to the substrate was poor because the
epoxy did not wet the substrate, or the substrate was
improperly coated with an adhesion-promoting material. Due
to this poor adhesion, a large number of voids resulted.

2. The successive layers of plastic did not blend well. The
grinding and polishing of these layers developed numerous

transition zones.
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The uniformity and bubble problems associated with this

method eliminate it as a practical master coating application method.

2. FABRICATION METHODS AND RESULTS
All master fabrication techniques involve the initial fabrication
of an approximately paraboloidal shape upon which the final grinding,
casting, draping, spinning, or machining operations are performed.
Three methods were experimentally investigated during this program:
1. Cam-template generation
2, Blade grinding and polishing

3. Plastic overlay

2.1 Cam-Template Generation

The initial grinding and polishing work on this program
involved the cam-template master generation approach. However, certain
geometric and mechanical details of the machine caused periodic groov-
ing and deviation from a paraboloid. Investigation of these difficulties
indicated that the existing experimental equipment was inadequate to
produce the desired master contour and surface finish. To avoid redun-
dancy, this work was terminated when a template machine was set up on
another program for grinding and polishing masters for 10-foot petal
mirrors.

Although an entire 2-foot master surface was not polished by
the cam-template approach, the polishing of several 2-inch-wide zones
indicated that, with sufficient mechanical revision, acceptable master
surfaces could be produced. Results of the petal master polishing pro-

gram verified this assumption.

2.2 Blade Grinding Generation

Figure 4-5 (4150-Final Report, Section 4) shows the blade
grinding assembly mounted on a rotary spindle. The machine was fitted
with limit switches at the ends of the bearing guide rail to facilitate
automatic reversal of the blade motion at the end of travel. The
variable-speed spindle drive rotates from O to 60 rpm and the variable-

speed traverse permits blade traverse rates from O to 300 inches per
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minute. The spindle rotation is reversible so that the blade wear can
be relatively uniform. In practice, the spindle rotates between 10
and 25 rpm and the blade traverses at between 50 and 200 inches per

minute, depending on the phase of grinding or polishing.

2.2.1 Blades

The blades used in generating the paraboloidal masters
are initially roughly sawed to the approximate parabolic shape desired
and filed to remove burrs. Blades have been made from brass, polyvinyl-
chloride (PVC), and acrylic plastic.

The quarter-hard brass blades were 25 inches wide by
1/8 inch thick. The rigidized PVC blade was 25 inches wide by 1/2 inch
thick and the acrylic blade was 25 inches wide by 3/8 inch thick. 1In
operation, the blades grind into parabolic curves. The edge contour
of the blade is such that any plane parallel to the long faces of the
blade intersects a portion of the same parabola. 1In cross section, the
blade at any point is convex and symmetrical about the axis of rotation.

Brass blades abraded excessively due both to the hard-
ness of the blade and the tendency of the brass to sliver off the edge.
These brass slivers caused excessive scratching of the master surface
in fine grinding stages. This initiated use of plastic blades such as
PVC and acrylic. The PVC blade ground in quickly, but often tended to
leave a residual deposit on the master and apparently abraded in long
fibers. Though this blade did not scratch the master surfaces in fine
grinding stages, the blade contour was never ideal, possibly because
of its fibrous consistency. The low thermal distortion point of PVC
may also have tended to cause some of the contour and wear problems.

The acrylic blade worked well under grinding and rough
polishing phases. Wear appeared to be quite uniform with a good blade
contour. No scratching resulted. In the polishing stages the blade
was covered with felt, polishing paper, or vinyl tape, according to the

type of polishing agent being used.
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2.2.2 Grinding and Polishing Materials

_ The following grinding and polishing materials were

used in generating a polished paraboloidal master:

80-grit silicon carbide

1F silicon carbide

2F silicon carbide

3F silicon carbide

Aluminum oxide

Cesium oxide

Rouge

Meguiar's mirror glaze

Meguiar's plastic cleaner

These grinding and polishing compounds, with the
exception of the last two listed, are standard in optical fabrication.
The Meguiar's compounds contained a high portion of fatty acid vehicle
which gave a false specularity to the plastic master. Because of these
waxy finishes, the last experiments were run with the more standard
optical polishing agents. The other compounds were used with either a

water or a water and glycerine vehicle.

2.2.3 Repairs

Various defects in the epoxy master surfaces necessi-
tated localized repairs. The voids produced in both the casting and
flow-coating layers acted as nuclei for stress cracks and reservoirs
for grinding and polishing compounds. To insure that no grinding
compounds were carried over into the polishing phases, it was neces-
sary to fill the voids. Inadvertently, the thermal shock caused by
rapidly evaporating solvent caused one area of the epoxy master to
crack. The cracks and other defects were patched with a resin system
which had a shorter cure life and greater exotherm than the original
casting system. This caused a difference in final patch hardness

relative to the original material. During the grinding and polishing
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phases, this difference in relative hardness caused ridges on the
master which were also visible on the electroformed replica. (A
replica is defined as a negative copy of a positive master and is
synonymously used for the word "collector'".) These ridges demonstrate
that although the plastic can be easily patched, the patching material

should have the same properties as the material being repaired.

2.2.4 Replication of Blade Finished Masters

The first electroformed replica (collector 2-1) was
made from the blade-ground and polished polyester surface, which was
the initial master coating. This master was 24 inches in diameter and
had about a 60° rim angle. Due to the high sheen provided by the waxy
polishing materials used, phonograph type defects, resulting from
improper blade material and blade mechanism weight, were not apparent
until the master was thoroughly clean. When the master was replicated,
the plating temperature was 14OOF, which approaches the softening point
of the polyester surface. Since the polyester had been initially depos-
ited on a grooved epoxy subsurface, the high temperature plating bath
caused the polyester to be stress relieved and to telegraph the grooved
epoxy subsurface. The resulting collector looked like a fresnel lens
with facets about 1/16 inch wide, the pitch diameter of the screw used
to groove the filled epoxy subsurface. This replication was not tested.
Subsequent masters made with epoxy and draped polyester surfaces were
replicated at a lower temperature.

The next blade grinding and polishing was performed on
the cast and flow-coated epoxy layers. These surfaces were easily
ground but were difficult to polish using the available blade materials
and relative motion of the blade grinder. 1In standard grinding and
polishing techniques, the final polishing is done with a random motion
overarm. In the blade grinder, the regular relative motion of the blade
and the master produce spiral paths in the grinding and polishing phases.

Because the blade machine was not equipped with a polishing overarm, and
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since the master weight was more than available, polishing spindles
could carry easily, the maximum surface polish attainable with an
epoxy surface was not achieved. Also, defects caused by ridges where
cracks had been repaired, locally distorted the collector surface.
The maximum collector-absorber efficiency for this collector (2-2),
using a cold calorimeter and neglecting mirror obscuration, was about
50 percent. Poor silvering of the master due to improper cleaning
also decreased the efficiency.

During the fabricating of collector 2-2, the accuracy
of the blade grinding process in fine grinding stages was checked by
comparing the parabolic curve of the blade with a true parabola. The
blade matched the paraboloid contour within 0.001 inch. The deviation
of the blade from a true parabola was less than 0.002 inch over a
6-inch radius. This corresponds to a surface error of 1 minute of
arc. This general accuracy correlates with the accuracy of the blade-
ground 60-inch glass searchlight mirrors made prior to and during
World War II.

An additional blade-ground and polished master was
made using a polyester plastic overlay-surfaced, 55° rim angle, convex
master as a starting point. This master was light enough to finish
on a standard optical spindle. Though the finish was much superior
to that achieved previously, maximum practical surface specularity
was not achieved due to limited time and a polishing tool of marginal
quality.

The replica made from this master (collector 2-3)
produced encouraging results (see Fig. C-1). The lower curve represents
the collector with an improperly applied protective silicone coating.
The upper curve represents the efficiency of the collector after strip-
ping this coating. Collector 2-5, discussed below, showed almost no
efficiency loss when properly coated with the same silicone. Silver
samples properly coated with the silicone showed less than 1 percent

reflectance loss after coating, as measured at 5,500&. Replica 2-3

221



COLLECTOR ABSORBER EFFICIENCY, percent

100 T T T | | I | I I

o WITHOUT
| o Q =0T e— PROTECTIVE
COATING

O e ® e ® o Y
o

80 |- ¥ WITH
PROTECTIVE
COATING

COLLECTOR 2-3

OBSERVATION: 0%

60 ABSORBER: COLD CALORIMETER

TRACKING ACCURACY %0.5 MIN

COLLECTOR DIAMETER 22 INCHES

[ RIM ANGLE 55°

MIRROR SURFACE: CHEMICAL SILVER
PLUS SILICONE

COLLECTOR SHELL:.020 INCHES
ELECTROFORMED NICKEL WITH
— ALUMINUM TORUS

20

COLD CALORIMETER APERTURE, inches

FIG. C-1 COLLECTOR NO. 2-3, EFFICIENCY VS APERTURE
DIAMETER

222

2.5

N |



also exhibited a poor silver surface due to improper master cleaning.
The resultant darkened silver surface may have decreased the collector-
absorber efficiency as much as 5 percent. The maximum efficiency, which
is always less than the surface reflectance, exceeds the design reflec-
tance proposed for the Brayton cycle collector by 1 percent. Also, for
a concentration ratio approaching that of the 30-foot collector design
with an 8-inch cavity aperture diameter, (2025) neglecting obscura-
tion, collector 2-3 meets the efficiency design specifications pro-
posed by EOS. On the basis of these model tests, further improvements
are possible in the areas of polishing and chemical silver applica-
tions.

Silicone-protected silver samples withstood an ammon-
ium sulfide atmosphere without visible tarnishing, while uncoated
samples completely tarnished during the same time. Also, collector
2-3 withstood several months of storage and preliminary testing before

the final tests were run.

2.3 Plastic Overlay

2.3.1 Substrate
The blade-~ground and polished epoxy 2-foot master was
used as an accurate substrate for the first plastic overlay-formed
master. 1In actual practice, one need only carry the grinding opera-
tions (by either blade or cam-template) to the fine grinding stage to

provide sufficient structural geometry to perform the overlay process.

2.3.2 Technique

A polyester sheet was cast between 2 sheets of optic-
ally polished plate glass using a silicone release agent. After the
polyester had thoroughly cured, it was stripped from the plate glass
and placed over the prepared master substrate. The master surface
was formed by stretching the polyester sheet over the convex parabo-
loidal substrate. Hot water and weights were used to form the plastic.

Once the plastic had been formed to shape, RTV adhesive, RTV primer,
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and suitable mechanical roughening were used to bond the polyester
sheet to the substrate. The composite'was then vacuum-bagged while

the adhesive cured to achieve maximum adhesion and surface geometry.

2.3.3 Drape Forming Results

The first plastic overlay-formed master produced a
highly specular surface with some edge defects which were visible to
the naked eye. This master was then used to replicate collector 2-4.

The maximum collector-absorber efficiency for this
collector was 60 percent. This low efficiency was due to localized
surface distortions in the plastic, edge distortions caused by an
undersized master base, and poor collector silvering. This recurrent
poor silvering was caused by poor removal of the silicone release
agents used in casting the plastic sheet between plate glass sheets.

Most of the above defects were eliminated in the
fabrication of the master used to replicate collector 2-5. The max-
imum collector-absorber efficiency for this silicone-protected, chem-
ical silver-coated collector (93 percent) exceeds any previous
collector efficiency measured at EOS or elsewhere. However, at very
high concentration ratios associated with thermionic collectors, better
efficiencies have been reported than might be expected from extrapo-
lation of Fig. C-2 between a 0O-inch diameter and the 3/8-inch diameter
aperture (the latter represents an unobstructed concentration ratio of
3,400).

The results of this test indicate that the Brayton
cycle design specifications for collector-absorber efficiency can also
be met by the plastic overlay-forming technique and the silicone-pro-
tected chemical silver reflective layer.

The plastic overlay sheet thickness (1/4 inch) used
for the 2-foot master is the same as that proposed for the 30-foot
collector. Also, the 2-foot master curvature was over 15 times as
great as on a 30-foot master. Surface errors for the 2-foot master,
due to the plastic sheet, were probably as great or greater than one

might expect for a 30-foot draped master.
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3. CONCLUSIONS

Based on the experimental work which resulted in investigating
two hitherto unfunded plastic collector master fabrication techniques
and which developed a silicone-protected chemical silver mirror
coating, several conclusions can be made.

1. TFor 2-foot models, either the plastic overlay or blade
grinding and polishing technique will achieve the high
efficiency goals EOS proposes for the Brayton cycle design.
There appear to be no engineering problems which would
prevent a 30-foot collector, made by either process, from
meeting the specifications.

2. Although only limited time was spent on these two techniques
of making collector masters, relative to other master and
collector fabricating techniques, the methods offer much
promise and probably can be considerably improved with
additional support.

3. The drape-forming technique offers greater specularity,
uses less costly fabrication machinery,and takes less time
than the blade-grinding technique.

4. Protective agents for chemical silver coatings do not reduce
reflectance by more than 1 percent when applied correctly.
The resultant composite has higher reflectance than any

other proposed durable collector coating.
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